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S LJMMARY 
We estimate t h e  i n f r a r e d  i n t e n s i t i e s  which would b e  observed by t h e  S h u t t l e  
I n f r a r e d  Telescope F a c i l i t y  (SIRTF), and which are produced by s u r f a c e  chemistry f o l -  
lowing atmospheric impact on SIRTF and t h e  S h u t t l e .  Three p o s s i b l e  sou rces  of reac- 
t a n t s  are  analyzed: (1) d i r e c t  atmospheric and s c a t t e r e d  contaminant f l u x e s  on to  t h e  
S h u t t l e ' s  s u r f a c e ;  ( 2 )  d i r e c t  atmospheric and s c a t t e r e d  contaminant f l u x e s  onto t h e  
SIRTF sunshade; and ( 3 )  s c a t t e r e d  f luxes  o n t o  t h e  cold SIRTF m i r r o r .  The chemical 
r e a c t i o n s  are  p r i m a r i l y  i n i t i a t e d .  by t h e  dcn inan t  f k x  =f  r e a c t i v e  atomic oxygen on 
t h e  s u r f a c e s .  Using obse rva t ions  of the o p t i c a l  glow t o  c o n s t r a i n  t h e o r e t i c a l  
parameters, w e  estimate f o r  sou rce  (1) t h a t  t h e  i n f r a r e d  glow on t h e  SIRTF m i r r o r  w i l l  
be  comparable t o  t h e  z o d i a c a l  background between 1-pm and 10-um wavelengths.  We 
s p e c u l a t e  t h a t  oxygen r e a c t s  w i th  t h e  atoms and t h e  r a d i c a l s  bound i n  t h e  o rgan ic  
molecules t h a t  r e s i d e  on t h e  S h u t t l e  and t h e  Explorer  s u r f a c e s .  We conclude f o r  
source ( 2 )  t h a t  w i t h  s u i t a b l e  cons t ruc t ion ,  a w a r m  (Ts > >  100K) sunshade w i l l  produce 
i n s i g n i f i c a n t  i n f r a r e d  glow. We no te  t h a t  the atomic oxygen f l u x  on t h e  cold SIRTF 
m i r r o r  ( 3 )  i s  i n s u f f i c i e n t  t o  produce s i g n i f i c a n t  i n f r a r e d  glow. I n f r a r e d  abso rp t ion  
by t h e  i c e  bu i ldup  on t h e  m i r r o r  i s  a l s o  s m a l l .  
I. INTRODUCTION 
The S h u t t l e  I n f r a r e d  Telescope F a c i l i t y  (SIRTF) is  a h igh ly  r a t e d  s c i e n t i f i c  
mission which NASA may ope ra t e  from the Space T r a n s p o r t a t i o n  System (STS) o r  "Shu t t l e "  
i n  t h e  1990s. SIRTF is  ac approximately 1-m diam t e l e s c o p e  t h a t  i s  c ryogen ica l ly  
cooled t o  about 5-10 K so  t h a t  i t s  s e n s i t i v i t y  i n  t h e  i n f r a r e d  can be inc reased .  I ts  
p r i m e  o p e r a t i n g  wavelength regime w i l l  be i n  t h e  2-pm t o  200-pm range, and i t  is 
hoped t h a t  over  much of t h i s  range, i t s  photometric s e n s , i t i v i t y  w i l l  be l i m i t e d  by 
i n f r a r e d  thermal  "noise" from i n t e r p l a n e t a r y  dus t  g r a i n s  ( t h e  so-cal led ' ' zodiacal  
background"). 
Many molecular v i b r a t i o n a l  and r o t a t i o n a l  t r a n s i t i o n s  l i e  i n  t h i s  wavelength 
range; t h e r e f o r e ,  i t  i s  of utmost importance t o  i d e n t i f y ,  and i f  p o s s i b l e ,  t o  l i m i t  
t h e  i n f r a r e d  r a d i a t i o n  which arises f rom e x c i t e d  molecules i n  t h e  SIRTF and/or t h e  
S h u t t l e  v i c i n i t y .  Simpscn and Witteborn ( r e f .  1 )  have d i scussed  t h e  i n f r a r e d  r ad ia -  
t i o n  t h a t  is emi t t ed  by molecules t h a t  a r e  thermally e x c i t e d ,  by supe r son ic  c o l l i s i o n s  
a s s o c i a t e d  w i t h  t h e  7 . 7  km sec-l atmospheric flow pas t  t h e  S h u t t l e ,  and by s o l a r  
r a d i a t i o n .  
Recent o p t i c a l  obse rva t ions  at wavelengths i n  t h e  range of 6,000 t o  8,000 A from 
b o t h  t h e  S h u t t l e  and t h e  Explorer s a t e l l i t e s  i n d i c a t e  an o p t i c a l  "glow" t h a t  i s  
v i s i b l e  centimeters-to-meters from su r faces  impacted by t h e  atmospheric wind, and 
appa ren t ly  a r e  c o r r e l a t e d  t o  t h e  f l u x  of incoming atmospheric atomic o r  molecular 
oxygen ( r e f s .  2-8). F igu re  1 is  an o p t i c a l  photograph of t h e  S h u t t l e  glow. The glow 
from t h e  S h u t t l e  s u r f a c e s  seems t o  be somewhat d i f f e r e n t  from t h a t  of t h e  Explorer 
s u r f a c e s .  This  i s  mainly apparent  i n  the measured e x t e n t  of t h e  glow, -10 c m  on t h e  
S h u t t l e  vs  5 m on t h e  Explorer.  This  perhaps i n d i c a t e s  t h a t  d i f f e r e n t  s p e c i e s  wi th  
d i f f e r e n t  l i f e t i m e s  are involved i n  t h e  two glows. 
3 ~ 1 0 - ~  s e c ) ,  i n f e r r e d  from the  e x t e n t  of t h e  o p t i c a l  glow, i n d i c a t e  t h a t  i t  is  prob- 
a b l y  caused by t r a n s i t i o n s  (with Av >> 1) i n  v i b r a t i o n a l l y  e x c i t e d  molecules ,  
al though semiforbidden e l e c t r o n i c  t r a n s i t i o n s  cannot be completely r u l e d  ou t .  The 
s p e c t r a  and l i f e t i m e s  of e x c i t e d  atomic o r  molecular  oxygen do no t  match those  of t h e  
s p e c i e s  r e spons ib l e  f o r  t h e  glow observed on t h e  S h u t t l e ,  o r  t h e  Explorer .  S l ange r  
( r e f .  8) has pos tu l a t ed  t h a t  t h e  o p t i c a l  glow may r e s u l t  when t h e  formation (and 
evaporat ion)  of v i b r a t i o n a l l y  e x c i t e d  OH occur s  a f t e r  t h e r e  i s  a s u r f a c e  r e a c t i o n  of 
t h e  atmosphere oxygen w i t h  t h e  hydrogen p r e s e n t  on t h e  s u r f a c e .  I f  t h e  o p t i c a l  glow 
o r i g i n a t e s  from v i b r a t i o n a l l y  e x c i t e d  molecules , c o n s i d e r a b l e  i n f r a r e d  r a d i a t i o n  w i l l  
a l s o  be emi t t ed  from these newly formed molecules.  Langhoff e t  a l .  ( r e f .  9) quant i -  
t a t i v e l y  estimate t h a t  t he  nea r - in f r a red  i n t e n s i t i e s  are t o  b e  expected i f  OH is  
r e spons ib l e  f o r  t h e  Explorer glow. 
The l i f e t i m e s  ( 5 ~ 1 0 - ~  t o  
This  paper d i scusses  t h e  i n f r a r e d  emission a s s o c i a t e d  w i t h  chemical r e a c t i o n s  on 
t h e  S h u t t l e  and the SIRTF s u r f a c e s .  The chemical r e a c t i o n s  are i n i t i a t e d  by t h e  
e n e r g e t i c  f l u x  of atmospheric atoms and molecules s t r i k i n g  and adsorbing t o  t h e  su r -  
f a c e s .  The p o s s i b i l i t y  of i n f r a r e d  emission from newly formed molecules t h a t  are 
adsorbed t o  t h e  s u r f a c e s  a s  w e l l  as those t h a t  are  e j e c t e d  from t h e  s u r f a c e s  are  con- 
s i d e r e d .  The chemistry on t h e  cold SIRTF m i r r o r ,  t h e  w a r m  SIRTF sunshade, and t h e  
warmer S h u t t l e  s u r f a c e s  are considered s e p a r a t e l y .  The obse rva t ions  of t h e  o p t i c a l  
"glow" a r e  used t o  c o n s t r a i n  t h e  processes  of i n f r a r e d  emission. Although w e  assume 
t h a t  SIRTF w i l l  be mounted i n  the  S h u t t l e  bay,  t h e  r e s u l t s  w i l l  a l s o  be app l i ed  t o  t h e  
p o s s i b i l i t y  t h a t  S IRTF w i l l  be a f r e e - f l y e r .  
11. PHYSICAL C O N D I T I O N S  
Some of t h e  major p h y s i c a l  cond i t ions  t h a t  a r e  r e l e v a n t  t o  t h e  q u a n t i t a t i v e  analy- 
s i s  of t h i s  gas-surface i n t e r a c t i o n  problem a r e  summarized i n  f i g u r e  2 .  The expected 
S h u t t l e  a l t i t u d e  f o r  t h e  SIRTF f l i g h t s  i s  approximately 300 t o  400 km. The S h u t t l e  
o r b i t a l  s p e e d  i s  7 . 7  km s e c - l .  
approximately Ts 2 200 K t o  Ts z 300 K ;  t h e  temperature  i n s i d e  t h e  SIRTF t e l e s c o p e  
i s  Ts < 10 K.  I n f r a red  emission w i l l  be s t u d i e d  from (1)  t h e  d i r e c t  impact of t h e  
atmosphere onto t h e  S h u t t l e  s u r f a c e ,  from ( 2 )  t h e  d i r e c t  impact of t h e  atmosphere onto 
t h e  sunshade, and from (3) t h e  s c a t t e r e d  f l u x  of molecules onto t h e  co ld  SIRTF m i r r o r .  
The temperature of t h e  S h u t t l e  s u r f a c e  v a r i e s  from 
The d e n s i t i e s  and f l u x e s  of t h e  atmospheric s p e c i e s  va ry  w i t h  r e s p e c t  t o  a l t i t u d e  
and thermospheric temperatures ( i . e . ,  s o l a r  a c t i v i t y ) ,  but  an upper l i m i t  on t h e s e  
parameters can b e  obtained from t h e  s o l a r  maximum v a l u e s  a t  300 km as l i s t e d  i n  
t a b l e  1. Other spec ie s  are e i t h e r  chemically i n e r t  o r  are p resen t  i n  t r a c e  amounts. 
A l so  t abu la t ed  i n  t a b l e  1 i s  the  k i n e t i c  energy of impact-per-par t ic le  of each s p e c i e s .  I 
The S h u t t l e  outgasses  contaminants such as H,O (23%), N, (70%), H, ( 4 % ) ,  and CO, 
( t r a c e ) ,  and c o l l i s i o n s  w i t h  t h e  atmospheric stream lead  t o  a s c a t t e r e d  f l u x  of no 
more than lo1, cm-, sec-l oxygen atoms i n c i d e n t  upon t h e  o u t e r  S h u t t l e  s u r f a c e s  
( r e f s .  10 and 11 and E. M i l l e r ,  p r i v a t e  communication, 1983). The SIRTF m i r r o r ,  how- 
e v e r ,  sees a r e s t r i c t e d  s o l i d  angle  and t h e  oxygen atoms which s t r i k e  t h e  i n n e r  tele- 
scope w a l l s  and b a f f l e s  w i l l  s t i c k  and f r e e z e ,  s o  t h a t  t h e  f l u x  of oxygen atoms on 
t h e  mi r ro r  is  of o rde r  <lo1' cm-, sec- l .  We assume t h a t  t h e  f l u x  of t h e  r e tu rned  H,O 
and t h e  N, contaminant are approximately t h i s  v a l u e ,  and w e  s c a l e  t h e  f l u x  of o t h e r  
atmospheric and contaminant species according t o  t h e i r  abundances. I n  a d d i t i o n  t o  
the  ou tgass ing  contaminants,  t h e  combustion products of t h e  t h r u s t e r s  add H,, N , ,  CO,, 
C O Y  and H,O contamination. During t h e  t h r u s t e r  f i r i n g  ( d u r a t i o n  - 1  s e c )  t h e  f l u x e s  
of r e t u r n e d  combustion products are approximately 1014cm-2 sec-' i n c i d e n t  upon t h e  
o u t e r  S h u t t l e  s u r f a c e s .  
b e  > l o 3  sec. Time-average f l u x e s  are t h e r e f o r e  cm-2 sec- l .  Table  2 summarizes 
t h e  r e s u l t s .  
While SIRTF i s  i n  o p e r a t i o n ,  t h e  t i m e  between f i r i n g s  w i l l  
The d e n s i t y  of t h e  S h u t t l e  contaminants peaks a t  va lues  of l o9  cm-3 near  t h e  
S h u t t l e ' s  s u r f a c e .  The t o t a l  d e n s i t y  of atmospheric s p e c i e s  is  a l s o  of t h i s  o r d e r  
near  t h e  s u r f a c e .  The re fo re ,  t h e  mean free pa th  f o r  a c o l l i s i o n  between two gas 
p a r t i c l e s  i s  more than 1 km. This i m p l i e s  t h a t  most ou tgass ing  material f r e e l y  
expands from t h e  S h u t t l e  neighborhood and t h a t  no s i g n i f i c a n t  "ram pressure"  r eg ion  
e x i s t s  above t h e  impact s u r f a c e  s i n c e  the c o l l i s i o n  mean f r e e  pa th  i s  s o  much l a r g e r  
than t h e  S h u t t l e ' s  s i z e .  
111. GENERAL CONSIDERATIONS OF SURFACE CHEMISTRY 
The chemical process  of i n t e r e s t  involves  the  impact of atoms and molecules on to  
a s u r f a c e  where they  chemically r e a c t  w i th  atoms o r  molecules t o  form molecules i n  
e x c i t e d  v i b r a t i o n a l  and/or  e l e c t r o n i c  s ta tes .  These e x c i t e d  molecules e i t h e r  remain 
adsorbed t o  t h e  s u r f a c e ,  where they lo se  t h e i r  e x c i t a t i o n  energy t o  r a d i a t i o n  o r  t o  
t h e  s u r f a c e ,  o r  they escape t h e  s u r f a c e  and t h e r e a f t e r  l o s e  t h e i r  e x c i t a t i o n  energy 
t o  r a d i a t i o n .  There are  s e v e r a l  s p e c i f i c  v a r i a t i o n s  t o  t h i s  gene ra l  p i c t u r e .  The 
i n c i d e n t  p a r t i c l e  may react w i t h  t h e  s u r f a c e  p a r t i c l e  i t  s t r i k e s ,  i n  which case the  
i n c i d e n t  energy E i  (as  l a r g e  as -10 eV f o r  0,) is  a v a i l a b l e  t o  d r i v e  the  chemical 
r e a c t i o n ,  and some f r a c t i o n  of t h a t  energy may be c a r r i e d  o f f  as k i n e t i c  energy, Ek, 
by t h e  newly formed molecule. Generally,  t h e  chemical c r o s s  s e c t i o n s  a r e  a t  l e a s t  an 
o r d e r  of magnitude smaller than geometric c r o s s  s e c t i o n s  so t h a t  t h i s  process  can 
have, a t  most,  an  e f f i c i e n c y  of 50.1. 
On t h e  o t h e r  hand, t h e  i n c i d e n t  p a r t i c l e  can s t i c k ,  mig ra t e  a c r o s s  t h e  s u r f a c e ,  
and f i n d  a r e a c t i v e  p a r t n e r .  I n  t h i s  case,  t h e  energy,  E i ,  is l o s t  t o  the s u r f a c e .  
The s u r f a c e  p a r t i c l e  may be p a r t  of t he  "clean" s u r f a c e  ( e . g . ,  p a i n t  o r  Scotchgard) ,  
o r  a S h u t t l e  contaminant which has adsorbed t o  t h e  s u r f a c e  ( e . g . ,  H,O o r  t h r u s t e r  
f u e l ) ,  o r  an atmospheric p a r t i c l e  which w a s  p rev ious ly  adsorbed. The newly formed 
molecules can be e j e c t e d  by thermal evapora t ion ,  o r  by t h e  conversion of chemical 
energy t o  t r a n s l a t i o n a l  energy upon formation. I n  t h e  former case, t h e  e j e c t i o n  
v e l o c i t y ,  vev, i s  given 
1 / 2  1 / 2  
v ev = 2 (3) = 0 . 1 9 ( 2 )  km sec-I 
w i th  A i  t h e  atomic mass and Ts i n  K. I n  t h e  l a t t e r  c a s e ,  t h e  e j e c t i o n  v e l o c i t y  
vch i s  given 
where Ek i s  t h e  chemical energy transformed t o  k i n e t i c  energy. Hollenbach (Ref. 12)  
and Hunter and Watson ( r e f .  13) t h e o r e t i c a l l y  model H, formation on cold (T < 30 K )  
s u r f a c e s  and show t h a t ,  i n  t h i s  c a s e ,  Ek E 0 .1  eV.  For h e a v i e r  molecules ,  Ek i s  
3 
probably much less ( r e f .  1 4 ) .  
v,h(OH) = 1.1 km SeC-' f o r  Ts = 250 K, and Ek = 0.1 e V .  
A s  an example, veV(OH) = 0.7 km sec", and 
The composition of t h e  s u r f a c e  determines a number of important  parameters  
i n c l u d i n g  evaporat ion t i m e s ,  surface-migrat ion d i f f u s i o n  t i m e s ,  and s t i c k i n g  probabi l -  
i t i e s .  
are  u n i t y ,  t h a t  d i f f u s i o n  t i m e s  are s u f f i c i e n t l y  s h o r t ,  and t h a t  evapora t ion  t i m e s  
are s u f f i c i e n t l y  long so t h a t  molecule formation can proceed e f f i c i e n t l y .  However, w e  
s h a l l  cons ide r  two types  of s u r f a c e  composition: (1) i n e r t  s u r f a c e s  which on ly  adsorb 
atmospheric and contaminant gases  and t h e r e f o r e  act  as c a t a l y s t s  f o r  r e a c t i o n s  between 
t h e s e  gases ,  and (2) chemical ly  r e a c t i v e  s u r f a c e s  which supp ly  nonadsorbed atoms and 
molecules f o r  r e a c t i o n  w i t h  t h e  s t r i k i n g  o r  t h e  adsorbed p a r t i c l e s .  
I n  general ,  we s h a l l  adopt t h e  p e s s i m i s t i c  view t h a t  s t i c k i n g  p r o b a b i l i t i e s  
The s u r f a c e  compositions of t h e  SIRTF sunshade ( p o s s i b l y  an aluminum oxide o r  
t h e  SIRTF m i r r o r )  may provide an example of an " i n e r t "  s u r f a c e .  
t h e  s u r f a c e  composition of t h e  S h u t t l e  t i l e s  (Scotchgard waterproofing material ,  a 
50-50 mixture  of t r i c h l o r o e t h a n e  and f l u o r o a l p h a t i c  r e s i n )  and t h e  Explorer S a t e l l i t e  
(probably pa in t ed  s u r f a c e )  may provide examples of chemical ly  r e a c t i v e  s u r f a c e s .  
On t h e  o t h e r  hand, 
The s t i c k i n g  p r o b a b i l i t i e s  of i n c i d e n t  molecules o r  atoms on to  a s u r f a c e  depends 
p r i m a r i l y  on t h e  mass r a t i o ,  p, of t h e  i n c i d e n t  p a r t i c l e  t o  t h e  s u r f a c e  pa r t i c l e  i t  
s t r i k e s ,  t he  gas-surface binding energy, D ,  and t h e  energy,  E t ,  o f  t h e  i n c i d e n t  par- 
t i c l e  ( r e f .  15).  The s t i c k i n g  p r o b a b i l i t i e s  approach u n i t y  f o r  p > 1 and/or  f o r  
E ~ / D  << 1. 
Since the  SIRTF mi r ro r  and t h e  S h u t t l e  s u r f a c e s  are l i k e l y  t o  be covered w i t h  
i c e  and o rgan ic  m a t e r i a l s  of r e l a t i v e l y  low mass p e r  atom, t h e  c o n d i t i o n  1-1 > 1 
approximately holds f o r  most gas-surface i n t e r a c t i o n s  of i n t e r e s t  w i t h  t h e  excep t ion  
of i n c i d e n t  H o r  H,. As a f i r s t  approximation, w e  make t h e  assumption t h a t  a l l  
s t i c k i n g  c o e f f i c i e n t s  are u n i t y .  
S e v e r a l  t imesca le s  are r e l e v a n t  t o  t h e  process  of t h e  e j e c t i o n  of e x c i t e d ,  newly 
formed molecules from s u r f a c e s :  t h e  t imesca le  tev f o r  evaporat ion from t h e  s u r f a c e ,  
t h e  r a d i a t i v e  l i f e t i m e  ( e s p e c i a l l y  t h e  v i b r a t i o n a l  l i f e t i m e s  t v i b  which l ead  t o  
nea r - in f r a red  product ion) ,  and t h e  t imesca le  t t r  f o r  t r a n s f e r r i n g  t h e  e x c i t a -  
t i o n  energy t o  t h e  l a t t i c e  ( e . g . ,  phonon e x c i t a t i o n ) .  The evapora t ion  t i m e  te, f o r  
a molecule adsorbed w i t h  a binding energy,  D ,  t o  a s u r f a c e  w i t h  temperature ,  Ts ,  i s  
approximately 
where k i s  Boltzmann's cons t an t  and v o  i s  t h e  v i b r a t i o n a l  frequency of t h e  
adsorbed molecule. Ty i c a l l y ,  f o r  p h y s i c a l l y  adsorbed s p e c i e s ,  D/k : 1,000-5,000 K 
and On t h e  w a r m  (Ts - 250 K )  S h u t t l e  s u r f a c e s ,  t e v  < sec, 
whereas on t h e  cold (Ts - 10 K)  SIRTF s u r f a c e s  t h e  evapora t ion  t i m e s  are e s s e n t i a l l y  
i n f i n i t e ,  and i c y  s u r f a c e  l a y e r s  from adsorbed molecules.  The r a d i a t i v e  l i f e t i m e s  
f o r  v i b r a t i o n a l l y  e x c i t e d  gas molecules are 
e x c i t e d  molecules have l i f e t i m e s  g e n e r a l l y  sec. The r a d i a t i v e  l i f e t i m e s  f o r  
adsorbed molecules may be somewhat s h o r t e r .  
energy through va r ious  processes  t o  o t h e r  adsorbed molecules i n  an i c y  s u r f a c e  l a y e r  
and t o  t h e  underlying s u r f a c e  are d i scussed  i n  s e c t i o n  V I . 6 .  
timescale f o r  t r a n s f e r  is  t t r  5 s e c .  
P v,, : 1012-13 sec- . 
t v i b  2 lo-* s e c  w h i l e  e l e c t r o n i c a l l y  
The timescale f o r  t r a n s f e r r i n g  e x c i t a t i o n  
I n  g e n e r a l  t h e  n e t  
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I n  s e c t i o n  V ,  c o n s i d e r a t i o n  of these timescales l e a d s  t o  an examination of the 
process  of t h e  e j e c t i o n  of e x c i t e d ,  newly formed molecules from w a r m  S h u t t l e  s u r f a c e s  
by evapora t ion  followed by i n f r a r e d  emission by t h e  e j e c t e d  molecule. However, on 
cold SIRTF s u r f a c e s  w e  cons ide r  ( s e c t i o n  VI) t h r e e  p o s s i b i l i t i e s :  (1) t h e  newly 
formed molecule remains adsorbed t o  the  s u r f a c e ,  t r a n s f e r s  much of i t s  energy t o  t h e  
s u r f a c e ,  b u t  r a d i a t e s  a f r a c t i o n  " t t r / t , i b  i n  t h e  i n f r a r e d ;  ( 2 )  t h e  molecule,  newly 
formed from adsorbed r e a c t a n t s ,  transforms a p a r t  of i t s  e x c i t a t i o n  energy t o  t r ans -  
l a t i o n a l  energy and i s  e j e c t e d  from the  s u r f a c e ;  and (3 )  t h e  c o l l i s i o n  of an e n e r g e t i c  
gas p a r t i c l e  w i t h  a s u r f a c e  r e a c t a n t  r e s u l t s  i n  a chemical r e a c t i o n  and t h e  newly 
formed e x c i t e d  molecule i s  e j e c t e d  as pa r t  of t h e  c o l l i s i o n  process .  
I V .  UPPER LIMITS ON I R  EMISSION FROM SURFACE CHEMISTRY 
Before examining t h e  chemical processes  on s u r f a c e s  i n  s e c t i o n s  V and V I ,  i t  i s  
i n s t r u c t i v e  t o  parameter ize  t h e  problem of I R  emission from newly formed molecules 
t h a t  are e j e c t e d  from s u r f a c e s .  The bas i c  i d e a  i s  t o  c a l c u l a t e  t h e  maximum I R  i n t en -  
s i t y  produced i n  the  v i c i n i t y  of a s u r f a c e  by assuming t h a t  every p a r t i c l e  i n  an 
incoming r e a c t a n t  f l u x  forms an exc i t ed  molecule., Each molecule i s  e j e c t e d  from the  
s u r f a c e  w i t h  AE of v i b r a t i o n a l  energy which i s  r a d i a t e d  i n t o  an i n f r a r e d  band of 
wavelength range,  A h .  To q u a n t i t a t i v e l y  c a l c u l a t e  a r e a l i s t i c  I R  i n t e n s i t y ,  w e  
m u l t i p l y  t h i s  maximum i n t e n s i t y  by an e f f i c i e n c y  f a c t o r ,  r l ,  which i s  t h e  f r a c t i o n  of 
i n c i d e n t  p a r t i c l e s  t h a t  are a c t u a l l y  e j e c t e d  as exc i t ed  molecules. The d e t a i l e d  sur-  
f a c e  chemistry of t h e  l a t e r  s e c t i o n s ,  as w e l l  as t h e  q u a n t i t a t i v e  measurement of t h e  
observed glow, w i l l  h e l p  t o  q u a n t i t a t i v e l y  estimate rl. 
A simple and i n s t r u c t i v e  model i s  shown i n  f i g u r e  3a. A p lana r  f l u x ,  F ,  of par- 
t i c l e s  i s  i n c i d e n t  upon a sphere of r a d i u s ,  ro. We assume t h a t  t h e  par t ic les  r e a c t  
on the  s u r f a c e  and i s o t r o p i c a l l y  e j e c t  a f l u x ,  F e j ,  of v i b r a t i o n a l l y  e x c i t e d  mole- 
c u l e s  from the  s u r f a c e .  An e f f i c i e n c y  f a c t o r ,  TI, can be then  de f ined  as 
4F  
F 
n:ej (4)  
where rl i s  t h e  f r a c t i o n  of c o l l i d i n g  r e a c t a n t s  which r e s u l t  i n  t h e  e j e c t i o n  of 
exc i t ed  molecules ( t h e  f a c t o r  of 4 r e f l e c t s  t he  d i f f e r e n c e  between the  impact c r o s s  
s e c t i o n a l  area, m i ,  and the  s u r f a c e  a r e a ,  4.rrr20, of e j e c t i o n ) .  
t e r e d  e x c i t e d  molecules a s  a f u n c t i o n  of d i s t a n c e ,  r ,  from t h e  c e n t e r  of t h e  sphere 
can be w r i t t e n  
The d e n s i t y  of s c a t -  
where v e j  i s  the  speed of t h e  e j e c t e d  molecules and rcr = vej tVib is  t h e  
e-folding d i s t a n c e  a molecule t r a v e l s  be fo re  r a d i a t i n g  i t s  v i b r a t i o n a l  energy. 
i n t e n s i t y  of r a d i a t i o n  d i r e c t e d  back normal t o  t h e  s u r f a c e  can then  b e  w r i t t e n  
The 
n* AE d r  
 IT A h  tvib 
r0 
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where, as mentioned above, AE is  t h e  v i b r a t i o n a l  e x c i t a t i o n  energy pe r  molecule and 
A A  i s  t h e  wavelength range of v i b r a t i o n a l  emission. Performing t h e  i n t e g r a t i o n  
where 
occurs f o r  
t h e  s u r f a c e .  Th i s  i n t e n s i t y  is t o  be compared w i t h  t h e  z o d i a c a l  i n t e n s i t y  which 
ranges between 10-lo-lO-ll W cme2 ster-I pm-' f o r  1 pm < X < 10 pm,, t h e  wavelength 
r eg ion  where most of t h e  v i b r a t i o n a l  energy of molecules is  emi t t ed .  The re fo re ,  w e  
can immediately s e e  t h a t  t h e  r e a c t i v e  f l u x  of atomic oxygen on to  t h e  cold SIRTF m i r r o r  
(Fl, can, a t  most,  produce i n t e n s i t i e s  of t h e  same o r d e r  as t h e  z o d i a c a l  back- 
ground. However, the d i r e c t  f l u x  of atomic oxygen on to  t h e  o u t e r  S h u t t l e  s u r f a c e s  
( inc lud ing ,  perhaps,  a p o r t i o n  of t h e  i n n e r  SIRTF sunshade t h a t  i s  exposed t o  t h e  
atmospheric impact) expe r i ences  a f l u x  P o t e n t i a l l y ,  t h i s  f l u x  could lead 
t o  l a r g e  nea r - in f r a red  backgrounds on t h e  SIRTF m i r r o r .  A t  f r e e - f l y i n g  a l t i t u d e s  of 
z900 km, i t  w i l l  only be du r ing  s o l a r  maximum t h a t  t h e  d i r e c t  atomic oxygen f l u x  is  
s u f f i c i e n t  (F1 ,+ - lo-' ) t o  p o t e n t i a l l y  produce a s i g n i f i c a n t  i n f r a r e d  glow. 
F,, = F/1014 cm-2 sec-l, AE,, = A E / l  e V ,  and Ah,, = A A / l  pm. The maximum 
rcr < ro, which corresponds t o  s h o r t  r a d i a t i v e  l i f e t i m e s  and emission nea r  . 
F,, - 1. 
The d i r e c t  f l ux  glow c r e a t i o n  sugges t s  a somewhat d i f f e r e n t  geometr ical  model, 
s i n c e  t h e  molecules are e j e c t e d  from t h e  impact s u r f a c e  bu t  r a d i a t e  t o  a d i f f e r e n t  
s u r f a c e ,  t h e  SIRTF mi r ro r .  F igu re  3b shows a s imple  geometric model f o r  t h i s  case. 
The d i s t a n c e  x* 
of e x c i t e d  molecules, n*, drops by The i n t e n s i t y  normal t o  t h e  SIRTF m i r r o r  i s  
then 
i s  the  C h a r a c t e r i s t i c  l e n g t h  a long  t h e  SIRTF a x i s  where t h e  d e n s i t y  
e. 
F 1 4 n  AEev 
1 = 3 ~ 1 0 - ~  cm2 s te r  W pm (;) (2) 'cr > rd (10) 
where rd i s  t h e  c h a r a c t e r i s t i c  d i s t a n c e  from t h e  impact s u r f a c e  t o  t h e  SIRTF 
a p e r t u r e .  
F i r s t ,  l e t  u s  consider  t h e  impact area t o  be t h e  o u t e r  S h u t t l e  s u r f a c e  ( t h e  geom- 
e t r y  is such t h a t  the f l u x  onto t h e  o u t e r  SIRTF s t r u c t u r e  i s  u n l i k e l y  to e j e c t  mole- 
c u l e s  i n t o  t h e  l i n e  of s i g h t  of t h e  SIRTF m i r r o r ) .  The worst-case geometry is 
p i c t u r e d  i n  f i g u r e  4 ,  where w e  estimate rd z 6 m and ro  z 3 m. 
W e  estimate rcr - Vejtvib 2 5 m.  Using equa t ion  (9)  we f i n d  
'14' AEeV - W I 2 3x10-* cm2 ster pm A X  
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Thus, though t h e  i n t e n s i t y  has  been reduced somewhat because of t h e  geometry, w e  
s t i l l  r e q u i r e  TI < f o r  t he  i n t e n s i t y  t o  drop below t h e  zod iaca l  background. 
F i n a l l y ,  cons ider  t h e  impact of 
rcr E Here, r o  E 1 m y  rd E 2 m y  and 
Again, a s m a l l  e f f i c i e n c y  rl 5 
i n f r a r e d  "glow" w i l l  no t  exceed t h a t  
a t  f r e e - f l y e r  a l t i t u d e s  F,, 5 
i s  requ i r ed  f o r  s i g n i f i c a n t  i n f r a r e d  
oxygen atoms on t h e  i n n e r  sunshade of SIRTF. 
5 m s o  t h a t  equat ion  (10) g ives  
W '14q A E e ~  
cm2 ster urn A A  
um 
i s  requi red  a t  S h u t t l e  a l t i t u d e s  so t h a t  t h e  
of t h e  zod iaca l  background. Note, however, t h a t  
and a r e l a t i v e l y  l a r g e  e f f i c i e n c y  of TI > 0.1  
glow. We d i s c u s s  t h e  p h y s i c a l '  p rocesses  which 
determine TI i n  t h e  fo l lowing  s e c t i o n s ,  and w e  make q u a n t i t a t i v e  estimates of t h i s  
e f f i c i e n c y  parameter.  It w i l l  be  demonstrated t h a t  phys i ca l  cons ide ra t ions  as w e l l  
as t h e  o b s e r v a t i o n a l  c o n s t r a i n t s  t h a t  are provided by t h e  o p t i c a l  giow p iace  i i k e l y  
upper l i m i t s  of t o  io-'+ on r(.  
V.  INFRARED EMISSION INITIATED BY CHEMISTRY ON WARM SURFACES 
A. O p t i c a l  Glow on the  S h u t t l e  and Explorer  S a t e l l i t e s :  
C o n s t r a i n t s  on I n f r a r e d  Emission 
One o f  t h e  f i rs t  observa t ions  which i n d i c a t e d  t h a t  s u r f a c e  chemistry w a s  produc- 
i n g  and e j e c t i n g  molecules from o r b i t i n g  s p a c e c r a f t  was the  d e t e c t i o n  of an  o p t i c a l  
glow by the V i s i b l e  Airglow Spacec ra f t  Experiment on board the Atmospheric Explorer  
S a t e l l i t e s  AE-Cy AE-D, and AE-E ( r e f s .  3 and 4 ) .  The spec t roscop ic  ins t rument  used 
i n  t h e  obse rva t ion  measured t h e  i n t e n s i t y  a t  6 wavelengths (2,80OA, 3,3711\, 4,2781\, 
5,20OA, 6,563AY and 7,320A) w i t h  -2QA bandwidth. Besides  t h e  s p e c t r a ,  two key obser- 
v a t i o n a l  c h a r a c t e r i s t i c s  of t h e  glow were: 
1. "The glow b r igh tness  peaks i n  the  forward d i r e c t i o n  and decreases  a s  t he  
ang le  of a t t a c k  0, t h e  angle  between t h e  l i n e  of s i g h t  of t h e  photometer and t h e  
s a t e l l i t e  v e l o c i t y  v e c t o r  , i nc reases  u n t i l  i t  reaches no i se  l e v e l s  a t  about 
120 degrees"  ( r e f s .  3 and 4 ) .  Since the s a t e l l i t e  has dimensions of o rde r  1 m y  t h i s  
means t h a t  t h e  o p t i c a l  glow extends >1 m from t h e  impact su r f ace .  Yee and Abreu 
( r e f s .  3 and 4 )  compare t h e  dependence of t h e  observed i n t e n s i t y  w i t h  a t t a c k  angle  
wi th  a t h e o r e t i c a l  model i n  which t h e  exc i t ed  molecules e ject  i s o t r o p i c a l l y  wi th  a 
sou rce  func t ion  p ropor t iona l  t o  
t = 5 ~ 1 0 - ~  sec .  
e x p l a i n  why t h e  i n i t i a l  product ion rate has a 
( r e f s .  3 and 4 ) .  
cos3  $,  a v e l o c i t y  2x105 cm sec-' and a l i f e t i m e  
The incoming f l u x  ( a  cos 0) and t h e  impact energy (a cos2 0) may 
angle  of a t t a c k  dependence cos3 0 
2. Above 160 km, t h e  glow b r igh tness  dec reases  exponent ia l ly  w i t h  i n c r e a s i n g  
a l t i t u d e  a t  t h e  same r a t e  as t h e  atomic oxygen number d e n s i t y ,  sugges t ing  a product ion 
mechanism i n  which atomic oxygen p lays  a r o l e .  Below 160 km t h e  b r igh tness  is  no 
longer  d i r e c t l y  p ropor t iona l  t o  t h e  atomic oxygen d e n s i t y .  S langer  ( r e f .  8 )  sugges ts  
i t  s c a l e s  w i t h  t h e  0, dens i ty  a t  lower a l t i t u d e s ,  where the  0, d e n s i t y  su rpasses  the 
0 d e n s i t y .  
The observa t ions  of t he  glow i n t e n s i t y  from t h e  Explorer  s a t e l l i t e s  can be  used 
t o  d e r i v e  an e f f i c i e n c y  f o r  t h e  production of o p t i c a l  photons.  An o p t i c a l  photon 
7 
product ion e f f i c i e n c y  qopt 
p e r  i n c i d e n t  c o l l i d i n g  r e a c t i v e  p a r t i c l e ,  i . e . ,  
can be de f ined  as t h e  number of o p t i c a l  photons produced 
where Fopt 
i n  t h e  Explorer  experiment. T y p i c a l l y  Fop&, 2x10 photons cm’2 sec-l and 
F (atomic oxygen) p a r t i c l e s  cm-’ sec s o  t h a t  qopt 2 2 ~ 1 0 - ~ .  
i s  the columnar e m i s s i v i t y  of o p t i c a l  photons (-5,200-7,300A) d e t e c t e d  
An o p t i c a l  glow has a l s o  been observed on t h e  S h u t t l e  ( r e f .  5) which may have a 
similar spectrum t o  t h e  Explorer glow between 5,000A t o  8,00OA, al though ve ry  poor 
s p e c t r a l  r e s o l u t i o n  p reven t s  a d e t a i l e d  comparison ( r e f .  6 ) .  An appa ren t ly  major 
d i f f e r e n c e  between t h e  S h u t t l e  glow and t h e  Explorer  glow i s  t h a t  t h e  former extends 
only 5 t o  10 cm from t h e  impact s u r f a c e ,  whereas t h e  l a t t e r  extends s e v e r a l  meters. 
Thus, wh i l e  t h e  r a d i a t i v e  l i fe t ime of t he  o p t i c a l  e x c i t a t i o n  from t h e  Explorer  w a s  
es t imated by Yee and Abreu ( r e f s .  3 and 4 )  t o  b e  25 m s ,  t h e  r a d i a t i v e  l i f e t i m e  from 
t h e  S h u t t l e  i s  est imated t o  be ~ 0 . 3  m s  by Banks e t  a l .  Banks ( p r i v a t e  communication) 
estimates t h e  l i m b  br ightened i n t e n s i t y  of t h e  S h u t t l e ’ s  glow t o  be ~ 1 0 0  k Rayleighs 
(= lo1’ photons 
t h e  impact of 
t i o n ,  t h e  atomic oxygen f l u x  is  ~ 1 . 4 ~ 1 0 ’ ~  cm-2 s e c  
Although t h e  measurement of t he  i n t e n s i t y  and t h e  c o r r e c t i o n  f o r  l imb-grightening i s  
approximate,  i t  i s  r a t h e r  s u r p r i s i n g  t o  no te  t h e  s i m i l a r i t y  i n  
uopt ( S h u t t l e ) .  
duced by t h e  atmospheric impact i f  w e  can re la te  nopt  t o  rl. From t h e i r  d e f i n i -  
t i o n s  w e  see t h a t  
s ec - l )  which t r a n s l a t e s  t o  a columnar f l u x  i n  t h e  d i r e c t i o n  of 
Fopt 2 3x10’ photons cm-2 sec - l .  A t  t h e  a l t i t u d e  of t h e  glow observa- 
2x10-. -1 , r e s u l t i n g  i n  u0 
nopt (Explorer)  and 
The observed o p t i c a l  glow can be used t o  c o n s t r a i n  the i n f r a r e d  i n t e n s i t y  pro- 
riopt - Fopt 
F 
e j 
ri 
t h e i r  r a t i o  i s  j u s t  t he  f r a c t i o n  of e x c i t e d  molecules which e m i t  an o p t i c a l  photon. 
I f  t h e  e x c i t a t i o n  i s  e l e c t r o n i c ,  then roughly one o p t i c a l  photon w i l l  be  omit ted f o r  
every exc i t ed  molecule snd 
e l e c t r o n i c  e x c i t a t i o n s  have l i fe t imes 2 1  p e c .  I f  t h e  e x c i t a t i o n  i s  v i b r a t i o n a l ,  t hen  
i t  i s  l i .ke ly  t h a t  only a s m a l l  percentage of e x c i t e d  molecules w i l l  r a d i a t e  o p t i c a l  
photons (Av > 5 ,  where Av i s  t h e  jump i n  v i b r a t i o n  l e v e l s  i n  t h e  t r a n s i t i o n ) .  This  
f r a c t i o n  depends on the  percentage of e x c i t e d  molecules which are e j e c t e d  i n  high-v 
s ta tes  and t h e  r e l a t i v e  l i f e t i m e s  of t h e s e  high-v states t o  o p t i c a l  decay v s  i n f r a r e d  
decay. Langhoff e t  al.  ( r e f .  9 )  t r ea t  t h e  spectrum of OH which i s  equa l ly  populated 
i n  a l l  v states and w i t h  a r o t a t i o n a l  populat ion given by Tr = 300 K (see Fig. 5 ) .  
OH has been suggested by Slanger  ( r e f .  8) as t h e  newly formed molecule formed a f t e r  
atmospheric 0 o r  0, impacts t h e  s u r f a c e .  Regardless of t h e  p r e c i s e  i d e n t i t y  of t h e  
e j e c t e d  molecule,  t h e  OH s p e c t r a  sugges t s  t h a t  , f o r  a v i b r a t i o n a l l y  e x c i t e d  molecule,  
n O p t / r l  - 1. Th i s  appears  u n l i k e l y ,  however, because 
rlopt/rl - 
There fo re ,  the obse rva t ions  of o p t i c a l  glow on t h e  w a r m  impact s u r f a c e s  of t h e  
q - 2 ~ l O - ~ ,  a number which is  perhaps good t o  w i t h i n  a n  o rde r  of 
The extent  of t h e  o p t i c a l  glow of -10 c m  (we n o t e  a g a i n  t h a t  t h i s  is  an  
S h u t t l e  c o n s t r a i n  
magnitude. 
o r d e r  of magnitude s m a l l e r  t han  what one would expect  from OH) sugges t s  t h a t  t h e  
scale  l e n g t h  f o r  I R  emission is  rcr < 1 m ,  s i n c e  t h e  l i f e t i m e  of low-v states i s  
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perhaps an o r d e r  of magnitude l a r g e r  than t h e  l i f e t i m e s  of high-v states ( r e f .  9 ) .  
Such a low e f f i c i e n c y  and s m a l l  v a l u e  of 
d i s c u s s e d  i n  S e c t i o n  I V  and incorporated i n t o  equat ions (9) and ( l o ) ,  mean t h a t  I R  
i n t e n s i t y  seen by SIRTF from t h e  glow is cons t r a ined  t o  
1-10 pm - an i n t e n s i t y  comparable t o  the z o d i a c a l  emission. 
i n  f i g u r e  4 ,  equat ion (91, and t h e  parameters above, w e  s chemat i ca l ly  compare i n  
f i g u r e  6 t h e  expected I R  spectrum of the glow (us ing  t h e  OH spectrum as a p r o t o t y p i c a l  
spectrum of v i b r a t i o n a l  emission from molecules) t o  t h a t  of t h e  z o d i a c a l  l i g h t  s een  by 
SIRTF. W e  b r i e f l y  d i s c u s s  below t h e  t y p e s  of chemical r e a c t i o n s  which may l ead  t o  t h e  
low, o b s e r v a t i o n a l l y  cons t r a ined  e f f i c i e n c y  rl d e r ived  above. 
rcry coupled w i t h  t h e  geometr ical  f a c t o r s  
I 5 10-l’ W cmV2 ster pm a t  
Using t h e  model o u t l i n e d  
B. Chemistry on Warm I n e r t  Su r faces  
An i n i t i a l l y  i n e r t  s u r f a c e  such as t h a t  of t h e  SIRTF i n n e r  sunshade i s  exposed 
t o  a f i u x  of atmospheric gases and S h u t t l e  contaminants which could,  i n  p r i n c i p l e ,  
b u i l d  up many monolayers of i c y  su r face .  
evapora t ion  of t h e  adsorbed gases.  The c o n d i t i o n  f o r  maintenance of t h e  i n i t i a l  i n e r t  
s u r f a c e  i s  t h e r e f o r e  
This  bu i ldup  i s  o f f s e t  by t h e  thermal  
where the  lef t -hand s i d e  of equat ion (15) r e p r e s e n t s  t h e  t imesca le  f o r  a p a r t i c l e  t o  
adsorb t o  a s u r f a c e  s i t e ;  Ass is t h e  area of a s u r f a c e  s i t e  cm2) and Fc is  
t h e  pa r t i c l e  f l u x .  
o b t a i n s  
S u b s t i t u t i o n  of t h e  evapora t ion  t i m e ,  tev, i n t o  equat ion (15) 
The main adsorbed spec ie s  ( s e e  t a b l e s  1 and 2) tend t o  b u i l d  up i c e s  of H,O, 
CO,,  N , ,  and 0,. The binding ene rg ie s  of t hese  molecules on t h e  s u r f a c e s  of t hese  
i c e s  are of o rde r  D/k : 1,000-5,000 K. Using r e p r e s e n t a t i v e  va lues  of D/k z 3,000 K ,  
Ts > 100 K t o  prevent i c e  bui ldup.  This means t h a t  a w a r m  SIRTF sunshade (and the  
S h u t t l e  s u r f a c e s )  w i l l  on t h e  average have no a p p r e c i a b l e  amounts of adsorbed contami- 
n a n t s ,  adsorbed atmospheric gases ,  o r  i c e s  from, f o r  example, t h e  H,O ven t s  o r  t h e  
t h r u s t e r  f i r i n g s .  However, s u r f a c e  chemistry can  proceed w i t h  a t i n y  f r a c t i o n  of an 
adsorbed monolayer. 
v,, = lo1’ s e c  -1 , Ass = 1O-l’ cm2, and Fc = lo1’ p a r t i c l e s  cm-2 s e c - l ,  w e  f i n d  t h a t  
The chemistry on a warm,  i n e r t ,  mostly i c e - f r e e  s u r f a c e  proceeds i n  one of two 
ways: (1) Reactant A s t r i k e s  t h e  s u r f a c e ,  s t i c k s  ( adso rbs ) ,  and mig ra t e s  a c r o s s  t h e  
s u r f a c e  t o  combine wi th  r e a c t a n t  B ,  which has  previously adsorbed and has  no t  y e t  
evaporated.  The maximum f l u x  of evaporat ing newly formed molecules is then given by 
t h e  s m a l l e r  of f l u x  A and f l u x  B.  
i n c i d e n t  p a r t i c l e s ,  s i n c e  the  impact energy (1/2 mvi where v i  i s  t h e  component of 
v e l o c i t y  normal t o  t h e  s u r f a c e )  p l ays  no r o l e  i n  t h e  chemical r e a c t i o n .  This  contra-  
d i c t s  obse rva t ions  of both the  Explorer and S h u t t l e  glows, which decrease r a p i d l y  i n  
i n t e n s i t y  as t h e  ang le  of a t t a c k ,  $, becomes more glancing.  ( 2 )  Reactant A d i r e c t l y  
s t r i k e s  and r e a c t s  w i t h  r e a c t a n t  B which is  adsorbed t o  t h e  s u r f a c e .  Since t h e  
p r o b a b i l i t y  of r e a c t i o n  may s c a l e  w i t h  the i m p a c t  energy ( a  cos2 +), t h i s  mechanism 
i s  more c o n s i s t e n t  w i th  t h e  observed dependence of t he  glow. The p r o b a b i l i t y  of a 
r e a c t i o n  i n  t h i s  c a s e  is p r o p o r t i o n a l  t o  t h e  f r a c t i o n  of t h e  s u r f a c e  covered by 
adsorbed r e a c t a n t  B. 
This  process  is e f f i c i e n t  f o r  glancing ang le s  of 
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Although w e  w i l l  cons ide r  only t h e  second p rocess  i n  subsequent d i s c u s s i o n ,  
t h e r e  is  one p o s s i b l e  example of t h e  f i r s t  process  which occur s  j u s t  a f t e r  t h e  
t r a n s i e n t  depos i t i on  of r e a c t i v e  combustion products  from t h e  v e r n i e r  t h r u s t e r s .  The 
main chemical ly  r e a c t i v e  s p e c i e s  is  CO which h a s  a f l u x  of cm-, sec-l d u r i n g  
t h e  t h r u s t e r  f i r i n g ,  comparable t o  t h e  d i r e c t  f l u x  of 0 atoms on t h e  S h u t t l e  s u r f a c e s .  
The t h r u s t e r  f i r i n g  has  a timescale of o r d e r  <1 sec; t h e r e f o r e ,  <0.1 monolayers CO 
are depos i t ed  on the s u r f a c e .  I n  approximately 1 sec, a n  e q u a l  number of 0 atoms 
s t r i k e  t h e  CO t o  form CO,. 
I 
Thus, t h e  f l u x  of e x c i t e d  CO, molecules is  given by 
w i t h  to  - 1 sec, assuming t h a t  tev > 1 sec f o r  adsorbed CO ( i . e . ,  t h e  CO s t i c k s  
u n t i l  t h e  oxygen r e a c t s  w i t h  i t ) .  
t > 10, s e c  a f t e r  t h r u s t e r  f i r i n g s ,  t h e  emission from e x c i t e d  CO, and o t h e r  molecules 
formed from combustion products  w i l l  b e  n e g l i g i b l e .  W e  n o t e  t h a t  a component of t h e  
o p t i c a l  glow could o r i g i n a t e  from t h i s  mechanism, s i n c e  Banks e t  a l .  r e p o r t  a n  in t en -  
s i f i c a t i o n  of t h e  glow which extends up u n t i l  -1 sec a f t e r  t h e  t h r u s t e r s  f i re .  
Another p o s s i b i l i t y  is t h a t  t h e  unburned t h r u s t e r  f u e l  (monoethylhydrazine) adsorbs 
and reacts w i t h  atmospheric 0 on t h i s  t i m e  scale. 
Since SIRTF obse rva t ions  w i l l  b e  made a t  
During t h e  SIRTF obse rva t ions ,  however, w e  i g n o r e  t h e  r e a c t i o n s  of 0 wi th  
adsorbed contaminants from t h e  t h r u s t e r  f i r i n g s :  they have long s i n c e  evaporated o r  
have been "chemically" removed. Atmospheric atomic oxygen dominates t h e  f l u x  of 
r e a c t i v e  s p e c i e s  and t h e  important r e a c t i o n s  on i n e r t  s u r f a c e s  such as t h e  SIRTF sun- 
shade (and poss ib ly ,  bu t  l e s s  l i k e l y ,  t h e  S h u t t l e  s u r f a c e s )  are those  between atomic 
oxygen s t r i k i n g  adsorbed atmospheric gases  o r  t h e  adsorbed ou tgas  contaminant H,O. 
0 + 0 + o,* (18) 
0 + 0, + o,* (19) 
0 + NO +. NO,* o r  NO* + 0 (21) 
0 + N + NO* (22 1 
0 + H,O + H20,* o r  OH* + OH (23 )  
where t h e  star i n d i c a t e s  e x c i t a t i o n .  
Reaction (18) cannot be important  i n  producing an  I R  glow because t h e  v i b r a t i o n a l  
l i f e t i m e s  of 0, a r e  t v i b  > lO5-1O6sec. The re fo re ,  rCr E 10" c m  and equat ion (10) 
p r e d i c t s  I - 3 ~ 1 0 - l ~  W cm-, ster-' pm-', f a r  below t h e  z o d i a c a l  background. Essen- 
t i a l l y ,  t h e  r a d i a t i o n  is  g r e a t l y  d i l u t e d  because s o  f e w  0, molecules  r a d i a t e  nea r  t h e  
S h u t t l e .  
The formation of ozone p o t e n t i a l l y  can b e  more important  t han  t h e  o t h e r  r e a c t i o n s  
because t h e  f l u x e s  of 0 and 0, onto t h e  s u r f a c e  f a r  exceed t h e  f l u x e s  of H ,  NO,  H,O, 
and N. However, the e f f i c i e n c i e s  of a l l  t h e s e  r e a c t i o n s  are probably ve ry  s m a l l  
because b o t h  r e a c t a n t s  evaporate  from t h e  s u r f a c e  b e f o r e  r e a c t i n g  w i t h  each o t h e r .  
The f luxes  of newly formed molecules are c a l c u l a t e d  under t h e  assumption t h a t  
su r f ace  coverage of t h e  adsorbed r e a c t a n t s  i s  small, and t h a t  a d i r e c t  c o l l i s i o n  is 
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r equ i r ed  f o r  a r e a c t i o n ,  t h e  mechanism descr ibed  previous ly  as process  ( 2 ) .  The f l u x  
of  newly formed molecules ,  F*, produced by f l u x e s  
on a s u r f a c e  i s  given 
FA and FB of r e a c t a n t s  A and B 
F* = F c1 + FBaA A B  
where 
r e s p e c t i v e l y .  The f r a c t i o n a l  su r f ace  coverage of r e a c t a n t  X i s  given when ax < 1 ,  
aA and aB are t h e  f r a c t i o n  of su r face  si tes occupied by r e a c t a n t s  A and B 
where tc E (FxAsS)-’ i s  t h e  c o l l i s i o n  t i m e  f o r  X t o  h i t  a s i t e  w i t h  area Ass. 
Thus , 
where w e  have s u b s t i t u t e d  Ass = lo-’’ cm2 and v o  = 10 l2  sec-’ and t h e  q u a n t i t i e s  
i n  pa ren theses ,  “A and CXB, cannot exceed t h e  minimum of 1 and 
FB/FA ( f o r  a g ) .  
i n  t a b l e  2 appropr i a t e  t o  S h u t t l e  a l t i t u d e s ,  and l e t t i n g  F* = Fn i n  equa- 
t i o n  (12) ,  w e  ob ta in  
I(OH*) z 1 0 - l ~  w cm-, ster-I pm-’, I(No,*) : IO-’’ w cm-2 ster-’ urn-’, 
I ( H , 0 2 * )  : W cm-, ster-’ pm-’, and I(NO*) 2 W cm-, ster-l pm-’. These 
r e s u l t s  apply t o  t h e  r e a c t i o n s  i n i t i a t e d  by d i r e c t  impact on t h e  sunshade. A l l  t he se  
i n t e n s i t i e s  are s u b s t a n t i a l l y  below zodiaca l  l i g h t  i n t e n s i t i e s ,  bu t  they are  exponen- 
t i a l l y  s e n s i t i v e  t o  t h e  u n c e r t a i n  values  of t h e  b inding  ene rg ie s ,  D .  
F A / F ~  ( f o r  CXA) and 
P u t t i n g  i n  “ t y p i c a l ”  va lues  DX/k = 3,000 K ,  Ts  = 250 K ,  t h e  f l u x e s  
I(O,*) E lo-’’ W cm-, ster-l urn-’, 
However, t h e  product ion of OH*, NO,*, NO*, and H,O,* i s  l i m i t e d  by f l u x  conserva- 
t i o n  t o  t h e  f l u x e s  of H ,  NO, N ,  and H20 r e s p e c t i v e l y :  
Imax (OH*) 5 6xlO-l’ W cm-, ster-I 
Imax (NO*) 5 1 . 4 ~ 1 0 - ’ ~  W cm-, s ter  -’mpm-’, and Imax(H202*) 5 3xlO-l’ W cm-, ster-I  um-1 
( s ee  t a b l e  2 and eq. (12 ) ) .  The worst  ca se  i s  t h e  formation of 0 ,  on t h e  sunshade, 
where i n t e n s i t i e s  of 4x10-’ W cm-, ster-’ pm-’ a r e  p o s s i b l e  i f  Do/k or  Do2/k2 7,000 K 
and SIRTF is  a t  low S o r t i e  a l t i t u d e s .  We no te  t h a t  a t  f r e e - f l y e r  a l t i t u d e s ,  t h e  atmo- 
s p h e r i c  f l u x e s  of 0, 0,, N ,  and N O ,  and t h e  s c a t t e r e d  f l u x  of H,O are reduced by 
f a c t o r s  > l o 2  , which p ropor t iona te ly  reduces  
-’ , Imax(N02*) 5 6 ~ 1 0 - l ~  W cm-, ster-’ urn-’, 
Imax(03*, NO*, NO,*, and H,O,*). 
However, by c o n s t r u c t i n g  t h e  sunshade from materials wi th  
Do/k and Do2/k << 7,000 K ,  evapora t ion  r a t h e r  than ozone product ion w i l l  occur .  
a s u r f a c e  would l i k e l y  evaporate  t h e  o the r  r e a c t a n t s  mentioned above as w e l l .  It 
should b e  noted t h a t  t h e  Explorer  su r faces ,  as d iscussed  below, do no t  form appre- 
c i a b l e  amounts of 0 ,  by t h i s  mechanism s o  t h a t  engineer ing  such s u r f a c e s  w i l l  no t  be  
d i f f i c u l t .  
Such 
The product ion of t h e  o p t i c a l  glow by t h i s  mechanism can now b e  considered (e .g . ,  
assume t h e  S h u t t l e  and Explorer  su r faces  t o  be  r e l a t i v e l y  i n e r t ) .  W e  f i n d  f o r  exam- 
p l e ,  t h a t  
t i o n .  S i m i l a r  va lues  of D f o r  t h e  r e a c t a n t s  which form O , ,  NO,, H 2 0 2 ,  o r  NO could 
a l s o  produce i n t e n s i t i e s  of o rde r  of t h e  o p t i c a l  glow. 
Do/k o r  DH/k 2 6,500 K would r e s u l t  i n  t h e  o p t i c a l  glow from OH produc- 
These va lues  of D are h ighe r  
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t han  t y p i c a l  e s t ima tes ,  and w e  cons ide r  a more l i k e l y  product ion mechanism f o r  t h e  
o p t i c a l  glow i n  the fol lowing s e c t i o n .  Furthermore, t h e  formation of OH i s  t h e  only 
l i k e l y  glow cand ida te ,  e s p e c i a l l y  f o r  t h e  Explorer  d a t a ,  where t h e  glow i n t e n s i t y  w a s  
s een  t o  s c a l e  w i t h  t h e  atomic oxygen f l u x  Fo. Equation (27) demonstrates t h a t  t h e  
formation mechanism envisioned h e r e  s c a l e s  w i t h  t h e  product FAFB. The re fo re ,  on ly  OH 
product ion w i l l  s c a l e  roughly w i t h  Fo, because FH i s  r e l a t i v e l y  c o n s t a n t  i n  t h e  
thermosphere where t h e  low mass of hydrogen provides  a l a r g e  s c a l e  h e i g h t .  
I f  t h e  S h u t t l e  glow o r i g i n a t e s  from t h e  chemical r e a c t i o n  of adsorbed atmospheric  
0 and H atoms (which we f e e l  i s  u n l i k e l y  because o f  t h e  high D v a l u e s  involved,  and 
because t h e  v i b r a t i o n a l  l i fe t imes of OH do not  match t h e  l i f e t i m e s  est imated by Banks 
e t  a l .  f o r  t h e  S h u t t l e  glow), t h e  glow i n t e n s i t y  w i l l  b e  a ve ry  s e n s i t i v e  f u n c t i o n  of 
T s ,  t h e  S h u t t l e  su r face  temperature  ( see  eq. ( 2 7 ) ) .  The glow should r a p i d l y  dec rease  
i n  i n t e n s i t y  w i t h  i n c r e a s i n g  temperature ,  T s ,  which d r i v e s  evapora t ion  of r e a c t a n t s .  
For i n s t a n c e ,  normalizing t o  provide t h e  observed o p t i c a l  glow a t  
t h a t  t h e  glow diminishes by a f a c t o r  of 10 a t  The l ack  of v a r i a t i o n  i n  
t h e  Explorer d a t a  under c o n d i t i o n s  where s u r f a c e  temperature  v a r i a t i o n s  l i k e l y  
exceeded 225 K i n d i c a t e  t h a t  i n  t h i s  case, a t  l eas t ,  t h i s  mechanism is  inope ran t .  
Ts = 250 K ,  w e  f i n d  
Ts = 275 K. 
C. Chemistry on Chemically 'Act ive Sur faces  
W e  d e f i n e  a chemically a c t i v e  s u r f a c e  as one which provides  one of t h e  r e a c t a n t s  
i n  t h e  formation of the e x c i t e d  molecule.  For example, a s u r f a c e  which i s  l a r g e l y  
composed of organic molecules w i l l  have an abundance of hydrogen atoms which may r e a c t  
w i th  t h e  f l u x  of atmospheric oxygen t o  form OH.  The r e a c t i o n  p r o b a b i l i t y ,  n, i s  then  
simply t h e  f r a c t i o n  of oxygen atoms which combine w i t h  chemical ly  bonded s u r f a c e  atoms 
or  r a d i c a l s  r a t h e r  t han ,  f o r  example, bouncing off  t h e  s u r f a c e  o r  adsorbing and l a t e r  
evaporat ing.  Since a l l  t h a t  is needed i s  rl - 2 ~ l O - ~  t o  produce t h e  o p t i c a l  glow, 
t h i s  mechanism appears t o  be a reasonable  p o s s i b i l i t y .  
Seve ra l  features of t h i s  mechanism are noteworthy: 
1. This  chemical e r o s i o n  p rocess  removes material  from t h e  s u r f a c e  a t  a rate 
where ms 
t h e  hydrogen atom mass, and Assuming t h a t  ms/mH - 1,  t h a t  t h e  d e n s i t y  
of t h e  s u r f a c e  m a t e r i a l  is about 1 gm ~ m - ~ ,  and t h a t  q-4FI4 < 10, w e  o b t a i n  a s u r f a c e  
e r o s i o n  ra te  of ~ 2 x l O - l ~  c m  sec-' o r  50.1 Um/yr. 
t h e  l i f e t i m e  of the S h u t t l e  o r  t h e  Explorer .  The Scotchgard o r  pa in t ed  s u r f a c e s  could 
e a s i l y  supply t h e  r e s e r v o i r  of atoms o r  r a d i c a l s .  
i s  t h e  mass of t he  s u r f a c e  atom o r  r a d i c a l  removed p e r  r e a c t i o n ,  mH i s  
n-4 = n ~ l O - ~ .  
N e g l i g i b l e  material  i s  removed i n  
2.  The i n t e n s i t y -  of t h e  glow i s  c r i t i c a l l y  dependent on t h e  s u r f a c e  materials 
and on t h e  ex i s t ence  of a chemically bonded r e s e r v o i r  of atoms and r a d i c a l s .  The sun- 
shade,  f o r  example, could be designed s o  t h a t  i t s  s u r f a c e  would provide very f e w  
r e a c t a n t s  t o  f eed  t h i s  mechanism. 
3 .  D i f f e r e n t  s u r f a c e  materials could l e a d  t o  t h e  product ion of d i f f e r e n t  mole- 
c u l e s  w i t h  d i f f e r e n t  r a d i a t i v e  l i f e t i m e s ,  an e f f ec t  noted when comparing t h e  S h u t t l e  
and t h e  Explorer glows. 
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4 .  The r e a c t i o n  of oxygen w i t h  an atom o r  r a d i c a l  a l r eady  bonded i n  a l a r g e  
molecule  w i l l  l i k e l y  r e q u i r e  an a c t i v a t i o n  energy. This  a c t i v a t i o n  energy can b e  
supp l i ed  by t h e  impact energy, which depends s e n s i t i v i t l y  (a cos2 4 )  on t h e  ang le  of  
a t t a c k .  Such a dependence is indica ted  i n  t h e  Explorer  d a t a ,  and ( l e s s  quan t i t a -  
t i v e l y )  i n  the S h u t t l e  d a t a .  
5. The i n t e n s i t y  of t h e  glow w i l l  scale w i t h  t h e  atomic oxygen f l u x ,  as observed 
i n  t h e  Explorer  d a t a .  
6 .  The glow i n t e n s i t y  would b e  i n s e n s i t i v e  t o  t h e  s u r f a c e  temperature .  
For t h e s e  reasons ,  w e  t e n t a t i v e l y  i d e n t i f y  t h i s  mechanism as t h e  one which pro- 
duces t h e  o p t i c a l  glow on t h e  S h u t t l e  and t h e  Explorer  s u r f a c e s .  
..- TIlnn A v i .  ~ ~ ~ ~ L U R E D  EKISSION AhD ABSOKPTION IYITIATED BY CEEMISTXY ON COLE SEXFACES 
A s  d i scussed  i n  s e c t i o n  I V Y  t h e  p a r t i c l e  f l u x  on t h e  co ld  s u r f a c e s  i s  very  s m a l l  
and produces a t  most an  average i n t e n s i t y  comparable t o  t h e  zod iaca l  background. I t  
i s ,  however, s t i l l  of some i n t e r e s t  t o  s tudy  t h e  chemistry t ak ing  p l ace  on the  co ld  
s u r f a c e s  i n  some d e t a i l ,  i n  order  t o  i d e n t i f y  contaminat ing molecules.  I n  p a r t i c u l a r ,  
i t  is  conce ivable  t h a t  t he  r a d i a t i o n  i s  emi t ted  i n  a smaller wavelength reg ion  than 
had been assumed when equat ion  ( 7 )  w a s  de r ived .  I n  t h a t  case, t h e  i n t e n s i t y  of t h e  
glow i n  t h e  r e s t r i c t e d  wavelength region might be  h igher  than  t h e  zod iaca l  background. 
More s t r i n g e n t  c o n s t r a i n t s  on t h e  i n f r a r e d  glow, i n  p a r t i c u l a r  on rl ( see  eq.  ( 7 ) )  
and on t h e  expected i n f r a r e d  c h a r a c t e r i s t i c s  of t h e  *'icy' '  l a y e r  w i l l  be  u s e f u l .  
A .  Chemistry on Cold Surfaces  
The chemistry which t akes  p l ace  on c o l d  su'rfaces (Ts = 10 K)  such as the  SIRTF 
m i r r o r  depends c r i t i c a l l y  on the  energy accommodation of t h e  impinging spec ie s  because 
p a r t  of t h e  excess  k i n e t i c  energy may be used t o  overcome energy b a r r i e r s .  (We s h a l l  
c a l l  such processes  "hot1' chemistry.)  We w i l l  f i r s t  d i scuss  t h e  p o s s i b i l i t y  t h a t  
energy accommodation i s  f a s t ,  implying t h a t  on ly  a c t i v a t i o n l e s s  r e a c t i o n s  can take  
p l ace  ("cold" chemistry) .  These r eac t ions  p r imar i ly  occur  as mobile-adsorbed s p e c i e s  
roam t h e  s u r f a c e  t o  f i n d  s u i t a b l e  r eac t ion  p a r t n e r s .  On t h e  b a s i s  of l abora to ry  
experiments on d i f f u s i o n  i n  low-temperature m a t r i c e s ,  i t  i s  expected t h a t  only H ,  N ,  
and 0 are mobile on an i c y  s u r f a c e  a t  10 K (T ie l ens  and Hagen, i n  p repa ra t ion ) .  
Because of f l u x  cons ide ra t ions ,  on ly  the l a t t e r  need t o  b e  considered i n  t h e  
d i f  fus ion- l imi ted  s u r f a c e  chemistry.  The r e a c t i o n s  of interest i n  the "cold" chemis- 
t r y  a r e  l i s t e d  i n  t a b l e  3 .  React ions of atoms and of atoms and r a d i c a l s  are expected 
t o  have no a c t i v a t i o n  energy b a r r i e r s .  The r e a c t i o n  of 0 w i t h  CO and 0, have been 
added s i n c e  these  r e a c t i o n s  a r e  known to  occur  a t  10 K i n  s o l i d  matrices (Tie lens  and 
Hagen). The r e s u l t i n g  composition of the "icy" l a y e r  i s  given i n  t a b l e  4 where w e  
have assumed t h a t  a l l  r e a c t i o n  products remain on t h e  s u r f a c e .  
We w i l l  now d i scuss  t h e  p o s s i b i l i t y  t h a t  p a r t  of t h e  excess  k i n e t i c  energy of t h e  
impinging s p e c i e s  can be  used t o  overcome a c t i v a t i o n  b a r r i e r s  f o r  r e a c t i o n s .  I n  
t a b l e  5 w e  l ist  poss ib ly  important  r eac t ions  and t h e i r  a c t i v a t i o n  energy f o r  t h e  ' 'hot" 
chemistry.  C o l l i s i o n a l  d i s s o c i a t i o n  of s a t u r a t e d  molecules i s  l i k e l y  t o  b e  unimpor- 
t a n t .  A l l  of t h e  a c t i v a t i o n  b a r r i e r s  i n  t a b l e  5 a re  less than  t h e  k i n e t i c  energy of 
an impinging 0 atom. It i s  u n l i k e l y ,  however, t h a t  a l l  of t he  k i n e t i c  energy can be 
used t o  overcome t h e  a c t i v a t i o n  b a r r i e r .  P a r t  of t h e  k i n e t i c  energy may, f o r  example, 
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b e  l o s t  through ( i n e l a s t i c )  s c a t t e r i n g  c o l l i s i o n s  on t h e  s u r f a c e .  I n  p a r t i c u l a r ,  H, 
p r e sen t  on t h e  "icy" s u r f a c e  may absorb a l a r g e  f r a c t i o n  of t h e  k i n e t i c  energy of t h e  
impinging s p e y i e s .  
some importance. Furthermore, i t  should b e  noted t h a t  t h e  c r o s s  s e c t i o n s  
( ~ 1 O - l ~  ern-,, r e f .  16) f o r  t h e s e  r e a c t i o n s  are g e n e r a l l y  down by a f a c t o r  of 10 when 
compared t o  t h e  geometrical  c r o s s  s e c t i o n s  (E10-15 crn-,). 
k i n e t i c  energy of t he  oxygen atom w i l l  r e s u l t  i n  center-of-mass t r a n s l a t i o n a l  energy 
of t h e  r e a c t i o n  products and cause t h e i r  evapora t ion .  
l a y e r  as given i n  t a b l e  4 seems, t h e r e f o r e ,  s t i l l  r easonab le ,  a l though t h e  mole f r a c -  
t i o n  of H,O and 0, is perhaps somewhat overest imated.  
Probably only t h e  r e a c t i o n s  of 0 atoms w i t h  0, , H, , and H,O are of 
F i n a l l y ,  p a r t  of t h e  
The composition of t h e  "icy" 
I 
B. I n f r a r e d  Absorption C h a r a c t e r i s t i c s  of t h e  "Icy" Layer 
The i n f r a r e d  abso rp t ion  c h a r a c t e r i s t i c s  of t h e  i c y  l a y e r  are iven  i n  t a b l e  6.  
I n  two weeks of ope ra t ion  a t o t a l  column d e n s i t y  of H,O of 1 . 2 ~ 1 0 "  cm-, w i l l  accumu- 
l a t e  on t h e  mi r ro r .  The column d e n s i t i e s  of o t h e r  s p e c i e s  s c a l e  according t o  t a b l e  4 .  
The i n t e g r a t e d  s t r e n g t h  of t h e  OH s t r e t c h i n g  band i s  then  about 2 . 4  cm-l. 
of t h e  band i s  320 cm-l ( r e f .  17) and t h e  o p t i c a l  dep th  is approximately 8x10-,. 
o p t i c a l  depth i n  the CO, i s  n e g l i g i b l e  ' N ,  i s  a homonuclear diatomic molecule 
and i t s  bands are t h e r e f o r e  i n f r a r e d - i n a c t i v e .  
The width 
The 
C .  I n f r a r e d  Emission from t h e  "Icy" Layer 
The cold chemistry desc r ibed  i n  s e c t i o n  A w i l l  leave a newly formed molecule on 
the  ' ' icy" s u r f a c e  i n  an e l e c t r o n i c a l l y  and/or v i b r a t i o n a l l y  e x c i t e d  s ta te .  I n  t h i s  
s e c t i o n  w e  w i l l  d i s cuss  t h e  f a t e  of t h i s  e x c i t a t i o n  energy,  i n  p a r t i c u l a r  t h e  poss i -  
b i l i t y  t h a t  p a r t  of t he  r e a c t i o n  energy may emerge as i n f r a r e d  r a d i a t i o n .  
The energy of an  e l e c t r o n i c a l l y  e x c i t e d  molecule can decay through a l a r g e  number 
of r a d i a t i v e  and r a d i a t i o n l e s s  channels i nvo lv ing  combinations of e l e c t r o n i c ,  v ib ra -  
t i o n a l  and phonon t r a n s i t i o n s .  Thermoluminescence experiments on photolyzed low- 
temperature ma t r i ces  i n d i c a t e  t h a t  a cons ide rab le  f r a c t i o n  of t h e  e l e c t r o n i c a l l y  
exc i t ed  molecule w i l l  decay r a d i a t i v e l y  t o  a v i b r a t i o n a l l y  e x c i t e d  s t a t e  i n  a lower 
l y i n g  e l e c t r o n i c  s t a t e  ( r e f .  18 and T i e l e n s  and Hagen). L i t t l e  energy i s  expected t o  
flow i n t o  center-of-mass t r a n s l a t i o n a l  energy du r ing  e l e c t r o n i c  decay (T ie l ens  and 
Hagen). 
V i b r a t i o n a l l y  e x c i t e d  molecules can decay through s e v e r a l  channels ,  f o r  example, 
(1) r a d i a t i v e  decay, (2) d e l o c a l i z e d  l a t t i c e  modes, ( 3 )  l o c a l  phonon modes, (4) i n t r a -  
mode conversion,  and ( 5 )  energy exchange wi th  neighboring molecules ( r e f s .  19 and 20) .  
I n  t h i s  s e c t i o n  we are mainly i n t e r e s t e d  i n  r a d i a t i v e  decay s i n c e  i t  l eads  t o  t h e  
emission of an I R  photon. I t  should b e  noted t h a t  p rocesses  ( 4 )  and (5) do not  
des t roy  t h e  v i b r a t i o n a l  e x c i t a t i o n ,  they merely t r a n s f e r  i t  from one v i b r a t i o n a l  mode 
w i t h i n  a molecule t o  ano the r ,  o r  t o  ano the r  molecule. 
Which of these decay channels dominates depends on t h e  r e l a t i v e  rates. Typ ica l ly  
r a d i a t i v e  decay r a t e s  a r e  -10, sec-l (or  
i c s ,  t r a n s f e r  t o  l o c a l  r o t a t i o n a l  modes i s  fas t  (103-107 sec-'; r e f .  19) .  The same 
i s  t r u e  f o r  t h e  lowest v i b r a t i o n a l  mode of hydrogenated polyatomic molecules.  
o t h e r  v i b r a t i o n a l  modes i n  t h e s e  molecules , intermode conversion and intramode cascad- 
i n g  dominates. T y p i c a l  r e l a x a t i o n  t imesca le s  are of t h e  o rde r  of a f e w  nanoseconds 
( r e f .  20). For nonhydrogenated molecules i n s i d e  a m a t r i x ,  t r a n s f e r  t o  l o c a l  r o t a t i o n a l  
modes is slow (lo-' - 1 sec;  r e f .  19) , because of t h e  l a r g e  b a r r i e r  t o  r o t a t i o n .  
t v i b  - lo-, s e c ) .  For hydrogenated diatom- 
For 
On 
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t h e  s u r f a c e ,  b a r r i e r s  a g a i n s t  r o t a t i o n  w i l l  be  g r e a t l y  reduced, t hus  f a c i l i t a t i n g  
t r a n s f e r  t o  l o c a l  r o t a t i o n a l  modes. The rates could b e  up by a f a c t o r  of 10, (Tie lens  
and Hagen). It seems, however, that  the  t r a n s f e r  through mul t ipo lar -mul t ipo lar  i n t e r -  
a c t i o n  of t h e  v i b r a t i o n a l  quantum t o  a neighboring molecule w i l l  dominate t h e  v ib ra -  
t i o n a l  r e l a x a t i o n .  The rate of t h i s  process  w i l l  depend on t h e  energy mismatch of 
t h e  two l e v e l s  involved and the concent ra t ion  of the accep to r .  For CO a ra te  of 
10’’ sec-l (mole f r ac t ion ) - ’  has  been measured f o r  t h e  resonant  t r a n s f e r  process  
( r e f .  2 1 ) .  
f r ac t ion ) - ’  d e s p i t e  an energy mismatch of 500 cm-’. 
t h e  “ i cy”  l a y e r  ( t a b l e  4 1 ,  t h e  v i b r a t i o n a l  l e v e l s  of t h e  molecules involved ,  t h e  l a r g e  
d i p o l e  moment of H,O, and t h e  hydrogen bonding capac i ty  of H,O, i t  seems l i k e l y  t h a t  
most of the v i b r a t i o n a l  quanta ,  a v a i l a b l e  upon formation of a molecule,  w i l l  end up 
i n  t h e  lowest mode of H,O and poss ib ly  CO, i n  a t i m e  t tr 5 sec. Trans fe r  from 
t h e s e  modes t o  t h e  l o c a l  phonon b a t h  i s  expected t o  be  r ap id .  Consequently only  few 
( “ t t r / t v i b  < of these  quanta  w i l l  escape as I R  r a d i a t i o n .  It should be  noted 
that t h e  zodlacal background i s  apprsximately a f a c t o r  of 10 b r i g h t e r  i n  t h i s  wave- 
l e n g t h  r eg ion  than i t  i s  i n  t h e  one around 3 um.  
from molecules  i n  t h e  “ i cy”  s u r f a c e  even less of a problem. 
For t r a n s f e r  from CO t o  CH,, the ra te  is  s t i l l  4 ~ 1 0 ’ ~  sec-’ (mole 
I n  view of t h e  composition of 
This  tends  t o  make t h e  i n f r a r e d  glow 
S u b s t i t u t i o n  of TI - and F,, - io-‘+ , i n t o  equat ion  (7) r e s u l t s  i n  
I = 3 ~ 1 0 - l ~  W cm-2 ster-’ urn-’, s e v e r a l  o r d e r s  of magnitude lower than the  zodiaca l  
l i g h t  background. 
formed molecules on t h e  SIRTF mir ror  su r face .  
We can t h e r e f o r e  s a f e l y  ignore  I R  r a d i a t i o n  from adsorbed newly 
D.  I n f r a r e d  Emission from Molecules Ejec ted  from Cold SIRTF Surfaces  
A s  d i scussed  i n  s e c t i o n  V I . C ,  p a r t  of t h e  r e a c t i o n  energy may emerge as cen te r -  
of-mass t r a n s l a t i o n a l  energy of t h e  newly formed molecule.  This  may lead  t o  e j e c t i o n  
of v i b r a t i o n a l l y  hot  molecules which decay r a d i a t i v e l y  i n  t h e  gas phase above t h e  
su r face .  I n  t h i s  ca se ,  t h e  f r a c t i o n  of t h e  r e a c t i o n  energy r a d i a t e d  i n  t h e  I R  may b e  
of order  u n i t y .  It  is  of some i n t e r e s t ,  t h e r e f o r e ,  t o  cons ider  t h e  p o s s i b i l i t y  of 
e j e c t i o n  of newly formed molecules i n  some d e t a i l .  Two d i f f e r e n t  ca ses  w i l l  be  
cons idered .  
1. Molecule e j e c t i o n  fol lowing cold chemistry.  I n  t h i s  ca se ,  t h e  newly formed 
molecule i s  i n  a h ighly  exc i t ed  v i b r a t i o n a l  s t a t e  and has  l i t t l e  center-of-mass t r ans -  
l a t i o n a l  energy. Mat r ix  i s o l a t i o n  s t u d i e s  of energy t r a n s f e r  i n  low-temperature 
ma t r i ces  show t h a t  t h e  energy i s  t r a n s f e r r e d  quantum f o r  quantum, and t h a t  t h e  energy 
gap begween i n i t i a l  and f i n a l  channel is  what p r imar i ly  c o n t r o l s  t h e  energy flow 
( r e f s .  19  and 2 0 ) .  The l a r g e  energy gap between v i b r a t i o n a l  quanta (-2,000 cm-l) and 
l o c a l  center-of-mass t r a n s l a t i o n a l  quanta (-100 cm-’) ensu res  a s m a l l  r a te  of t r a n s f e r  
of v i b r a t i o n a l - t o - t r a n s l a t i o n a l  energy. .Furthermore,  t h e  energy gap between l o c a l  
center-of-mass t r a n s l a t i o n a l  quanta and t h e  phonon modes of t h e  m a t r i x  material  w i l l  
be  s m a l l .  Therefore ,  t h e  energy t r a n s f e r  from l o c a l  center-of-mass t r a n s l a t i o n a l  
energy t o  t h e  phonon mode i s  expected to  b e  f a s t ,  and e j e c t i o n  of newly formed 
molecules i s  l i k e l y  t o  be  unimportant.  
I t  should b e  no ted ,  however, t h a t  t h e  energy t r a n s f e r  rate no t  only depends on 
t h e  energy gap, bu t  a l s o  on t h e  coupling between t h e  energy channels .  
t o r y  experiments on energy t r a n s f e r  i n s i d e  ma t r i ces ,  t h e  energy t r a n s f e r  t o  l o c a l  
center-of-mass t r a n s l a t i o n a l  modes may have been hampered re la t ive t o  i t s  main com- 
p e t i t o r s  - l o c a l  r o t a t i o n a l  modes and r a d i a t i v e  modes - because of t h e  ma t r ix  sur-  
rounding t h e  v i b r a t i o n a l  molecules.  On t h e  s u r f a c e ,  decay t o  l o c a l  center-of-mass 
t r a n s l a t i o n a l  modes could conceivably be much f a s t e r  than  a n t i c i p a t e d  on t h e  b a s i s  of 
I n  the  labora-  
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t h e  a v a i l a b l e  experiments.  No estimate of t h i s  e f f e c t  i s  a v a i l a b l e .  The evapora t ion  
of newly formed molecules from s u r f a c e s  has  been s t u d i e d  t h e o r e t i c a l l y  i n  a s l i g h t l y  
d i f f e r e n t  con tex t  ( r e f s .  13, 14,  and 2 2 ) .  These classical  c a l c u l a t i o n s  (of t h e  proba- 
b i l i t y  of evaporat ion of a newly formed H, molecule from an i n t e r s t e l l a r  g r a i n  su r -  
f a c e )  show t h a t  the H, molecule w i l l  b e  e j e c t e d ,  b u t  on ly  b a r e l y .  
are not expected t o  be e j e c t e d  upon formation ( r e f .  14). I t  should be noted t h a t  
t h e s e  c a l c u l a t i o n s  n e g l e c t  a l l  energy channels o t h e r  t han  l o c a l  center-of-mass t r a n s -  
l a t i o n a l  modes and d e l o c a l i z e d  l a t t i c e  modes. The p r o b a b i l i t y  of e j e c t i o n  i s  the re -  
f o r e  maximized. It  seems l i k e l y ,  t h e r e f o r e ,  t h a t  t h e  f r a c t i o n  of newly formed mole- 
c u l e s  which evaporate i s  s m a l l  i n  t h i s  case. 
F,, < l o + ,  even an e f f i c i e n c y  as high as  n 0.1 l e a d s  t o  I R  i n t e n s i t i e s  < z o d i a c a l  . 
background. 
Heavier molecules 
AS seen i n  equa t ion  (7 )  w i t h  
2 .  Molecule e j e c t i o n  fol lowing h o t  chemistry.  As mentioned i n  s e c t i o n  A ,  i t  is  
p o s s i b l e  t h a t  k i n e t i c  energy of t h e  oxygen atom (-5 eV) can be used t o  overcome an 
a c t i v a t i o n  b a r r i e r .  I n  p a r t i c u l a r ,  0 atoms may r e a c t  w i t h  H,O and 0, ( t a b l e  5 ) .  The 
r e a c t i o n  products  a r e  l i k e l y  t o  r e t a i n  some of t h e  k i n e t i c  energy of t h e  0 atom as 
center-of-mass t r a n s l a t i o n a l  energy and immediately e jec t  from t h e  s u r f a c e .  P a r t  of 
t h e  k i n e t i c  energy w i l l  go i n t o  v i b r a t i o n a l  and r o t a t i o n a l  e x c i t a t i o n  of t h e  product  
molecules.  Subsequent r a d i a t i v e  decay i n  t h e  gas  phase w i l l  produce I R  photons.  A s  
mentioned i n  s e c t i o n  V.A, t h e  p r o b a b i l i t y  f o r  hot  chemistry t o  proceed i s  a t  l e a s t  an 
o r d e r  of magnitude smaller than t h e  p r o b a b i l i t y  f o r  s c a t t e r i n g  o f f  of t h e  s u r f a c e .  
Thus, < 0.1  and t h e  i n t e n s i t y  of I R  emission i s  less than t h e  z o d i a c a l  background 
( s e e  eq. ( 7 ) ) .  
V I I .  SUMMARY AND CONCLUSIONS 
We have est imated t h e  I R  i n t e n s i t i e s  s een  by SIRTF and produced by s u r f a c e  chem- 
i s t r y  fol lowing atmospheric impact on t h e  S h u t t l e  and SIRTF. These i n t e n s i t i e s  a r e  
compared w i t h  t h e  z o d i a c a l  i n t e n s i t y  of I 10-lo-lO-ll W cm-’ ster-’ urn-’ from 
wavelengths of 1-10 pm. The chemical r e a c t i o n s  are  appa ren t ly  i n i t i a t e d  by t h e  domi- 
nant  f l u x  of r e a c t i v e  atomic oxygen on the  s u r f a c e s ,  and a gene ra l  equat ion ( 7 )  w a s  
der ived which est imated t h e  i n t e n s i t y  of I R  emission produced as a f u n c t i o n  of t h e  
atomic oxygen f l u x  Fo, t h e  e f f i c i e n c y  rl of forming v i b r a t i o n a l l y  e x c i t e d  molecules ,  
and v a r i o u s  atomic parameters .  Three p o s s i b l e  sou rces  have been analyzed: (1) d i r e c t  
atmospheric f l u x e s  and s c a t t e r e d  contaminant f l u x e s  onto t h e  S h u t t l e  s u r f a c e ;  
(2) d i r e c t  atmospheric f l u x e s  and s c a t t e r e d  contaminant f l u x e s  onto the  SIRTF sunshade; 
and ( 3 )  s c a t t e r e d  f l u x e s  on to  t h e ’ c o l d  SIRTF m i r r o r .  
1. The Di rec t  Impact Flux onto W a r m  S h u t t l e  Su r faces .  The f l u x  of atomic oxygen 
can be a t  most - 5 ~ 1 0 , ~  cm-, sec-l  onto t h e  d i r e c t  impact s u r f a c e s  of t h e  S h u t t l e ,  
which l i e  a d i s t a n c e  
expected I R  i n t e n s i t y  f o r  such a geometry i n  t e r m s  of Fo, n, r d ,  and atomic param- 
eters.  The key atomic parameter is  t h e  l i f e t i m e  t v i b  of t h e  e x c i t e d  molecule,  which 
determines 
I R .  
and rcr - 1 m.  
w i t h  t h e  o p t i c a l  glow - which w i l l  provide an i n t e n s i t y  of 
onto t h e  SIRTF m i r r o r ,  an i n t e n s i t y  comparable t o  t h e  z o d i a c a l  background ( s e e  f i g .  6 ) .  
This  c a l c u l a t i o n  assumes t h a t  v i b r a t i o n a l l y  e x c i t e d  molecules produce t h e  o p t i c a l  
glow; i f  e l e c t r o n i c  e x c i t a t i o n  i s  r e s p o n s i b l e ,  t h e  i n f r a r e d  i n t e n s i t y  i s  s e v e r a l  
o r d e r s  of magnitude sma l l e r .  W e  s p e c u l a t e  t h a t  atmospheric oxygen r e a c t s  w i th  atoms 
and r a d i c a l s  bound i n  t h e  o rgan ic  molecules r e s i d i n g  on S h u t t l e  and Explorer  s u r f a c e s .  
r d  > 6 m from t h e  SIRTF a p e r t u r e .  Equation (11) g i v e s  t h e  
rcr - t h e  c h a r a c t e r i s t i c  d i s t a n c e  ove r  whlch t h e  molecule r a d i a t e s  i n  t h e  
n 2 2X10-4 The obse rva t ions  of t h e  o p t i c a l  glow observed on t h e  S h u t t l e  suggest  
From t h e s e  numbers w e  estimate an I R  (1 pm - 10 pm) glow - a s s o c i a t e d  
W cmq2  ster-’ urn-’ 
16 
2 .  Direct Impact Flux Onto Chemically Inert Warm SIRTF Sunshade. No s u b s t a n t i a l  
amounts of contaminants w i l l  f r e e z e  t o  the sunshade s u r f a c e  because t h e  high s u r f a c e  
tempera ture  (Ts > 100 K) w i l l  ensure  evaporat ion.  
IR-act ive molecules must involve r e a c t i o n  w i t h  s m a l l  su r f  ace coverages of adsorbed 
atmospheric  o r  contaminant molecules.  The formation of 0, produces i n s i g n i f i c a n t  I R  
f l u x  because t h e  long l ifetimes of v i b r a t i o n a l l y  exc i t ed  0, ensu re  geometr ica l  d i l u -  
t i o n  of the  i n t e n s i t y  t o  w e l l  below zodiaca l  v a l u e s .  
minimized by engineer ing  sunshade sur faces  w i t h  low adso rp t ion  ene rg ie s  
f o r  0 and 0,. The Explorer  s u r f a c e s  a r e  examples of such s u r f a c e s  s i n c e  t h e  o p t i c a l  
i n t e n s i t y  from e f f i c i e n t  0 ,  formation would b e  b r i g h t e r  t han  t h a t  observed and would 
s c a l e  as t h e  product of t h e  atomic oxygen and molecular  oxygen f l u x e s ,  i n s t e a d  of 
t h e  observed s c a l i n g  wi th  atomic oxygen alone.  The formation of OH i s  p o s s i b l e ,  b u t  
t h e  maximum f l u x  of e x c i t e d  molecules i s  then l i m i t e d  by t h e  H atom f l u x ,  which l ies  
a f a c t o r  - l o 3  below t h e  oxygen f l u x .  
However, i t  i s  l i k e l y  t h a t  most H and 0 atoms evapora te  b e f o r e  combining. Again 
E/k < 6,500 K f o r  H and C ensures  t h i s .  Thus, t h e  sunshade could p o t e n t i a l l y  produce 
an I R  background which is  l a r g e r  than the  z o d i a c a l  background, and c a r e  must be  taken 
t o  use materials w i t h  low b inding  energ ies  f o r  adso rp t ion  of  0 ,  0,, and H ,  and t o  use  
I R  c a n c e l l a t i o n  methods such as chopping. I f  SIRTF i s  a f r e e - f l y e r  a t  a l t i t u d e s  of 
-900 km, t h e  formation of OH could s t i l l  be  a prablem i f  0 adheres ,  s i n c e  t h e  H atom 
f l u x  changes l i t t l e  from 300 t o  900 h. 
Therefore ,  t h e  formation of 
The formation of 0, can b e  
D/k < 6,500 K 
T h i s  a lone  means I 5 10-l’ W cm-, ster-’ pm-’. 
3. S c a t t e r e d  Flux onto t h e  Cold  SIRTF Mirror .  The atomic oxygen f l u x  
FO z 10’’ cm-‘ sec-’ onto  t h e  cold m i r r o r  i s  approximately f o u r  o rde r s  of magnitude 
less than  t h e  d i r e c t  f l u x  onto the  warmer s u r f a c e s .  The p o t e n t i a l l y  s t r o n g e s t  source  
of I R  emission i s  t h e  product ion o f  exc i t ed  molecules t h a t  are i n i t i a t e d  by t h e  impact 
of t h e  0 atom onto  a molecule o r  atom adsorbed on t h e  s u r f a c e  and followed by immedi- 
a t e  e j e c t i o n  of t h e  newly formed molecule. The e f f i c i e n c y  of t h i s  process  is  n 5 0.1 
and t h e  r e s u l t a n t  I R  i n t e n s i t y  I 5 3 ~ 1 0 - l ~  W cm-, ster-’ urn-’, less than t h e  zod iaca l  
background. I n f r a r e d  emission from adsorbed molecules on t h e  mi r ro r  i s  n e g l i g i b l e ,  
because of the  f a s t  t r a n s f e r  of v i b r a t i o n a l  e x c i t a t i o n  energy t o  the  su r face .  
I n f r a r e d  abso rp t ion  by the  i c e  bui ldup  on t h e  s u r f a c e  i s  a l s o  s m a l l .  
The most l i k e l y  explana t ion  f o r  t he  o p t i c a l  glow n e a r  t h e  S h u t t l e  s u r f a c e  i s  t h e  
r e a c t i o n  of an atmospheric oxygen atom w i t h  an atom o r  r a d i c a l  bound t o  t h e  organic  
molecules app l i ed  t o  S h u t t l e  o r  Explorer s u r f a c e s .  This  exp lana t ion  seems c o n s i s t e n t  
w i t h  t h e  observed i n t e n s i t i e s ,  the  observed dependence of i n t e n s i t y  on angle  of 
a t t a c k ,  and t h e  observed c o r r e l a t i o n  wi th  atmospheric  atomic oxygen i n  the  Explorer  
d a t a .  The s h o r t  l i f e t i m e  ( t  - 0.3 msec) f o r  t h e  S h u t t l e  glow when compared t o  t h e  
l i f e t i m e s  ( t  - 5 msec) f o r  t he  Explorer  glow suppor t s  t h e  argument t h a t  . d i f f e r e n t  mole- 
c u l e s  are produced. The OH molecule,  with a l i f e t i m e  of -5 msec, i s  a candida te  f o r  
t h e  Explorer  glow. The S h u t t l e  glow has such a s h o r t  l i f e t i m e ,  i n  f a c t ,  t h a t  i t  is 
p o s s i b l e  t h a t  me tas t ab le  e l e c t r o n i c ,  r a t h e r  than  v i b r a t i o n a l  e x c i t a t i o n ,  i s  involved.  
I n  terms of t h e  p o s s i b l e  S h u t t l e  I R  glow, w e  t a k e  t h e  worst  c a s e  assumption t h a t  t h e  
e x c i t a t i o n  is v i b r a t i o n a l .  Another less l i k e l y  explana t ion  f o r  t h e  S h u t t l e  glow i s  
t h a t  OH is  formed by t h e  r e a c t i o n  of atmospheric 0 and H atoms i n c i d e n t  upon t h e i r  
adsorbed p a r t n e r .  I f  t h i s  were t h e  case ,  t h e  glow i n t e n s i t y  is very s e n s i t i v e  t o  t h e  
S h u t t l e  s u r f a c e  temperature.  F i n a l l y ,  the  observed i n t e n s i f i c a t i o n  of t h e  o p t i c a l  
glow f o r  -1  sec a f t e r  t h r u s t e r  f i r i n g s  may b e  the r e s u l t  of t h e  combustion product CO 
o r  p o s s i b l e  unburned t h r u s t e r  f u e l  being adsorbed t o  t h e  s u r f a c e  and removed by reac- 
t i o n  w i t h  atmospheric  0. 
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The physics  and environment involved i n  t h e  S h u t t l e  glow problem are s u f f i c i e n t l y  
complex so  t h a t  q u a n t i t a t i v e  t h e o r e t i c a l  a n a l y s i s  is  d i f f i c u l t .  W e  have t r i e d  t o  out-  
l i n e  above a t h e o r e t i c a l  overview of t h e  problem, t o  make o r d e r  of magnitude esti- 
mates, and t o  p l ace  upper l i m i t s  on c e r t a i n  q u a n t i t i e s  u s i n g  g e n e r a l  p h y s i c a l  p r i n c i -  
p l e s .  I n  t h e  end, however, t h e  ques t ion  of t h e  i n t e n s i t y  and e x t e n t  of t h e  i n f r a r e d  
S h u t t l e  glow w i l l  be b e s t  answered by d i r e c t  obse rva t ion ,  and we urge t h a t  such 
measurements be made. 
18 
REFERENCES 
1. Simpson, J. P.; and Wit teborn,  F. C. :  E f f e c t  of t h e  S h u t t l e  Contaminant Environ- 
ment on a S e n s i t i v e  I n f r a r e d  Telescope. Appl. Op t i c s ,  vo l .  16, 1977, 
p.  2051. 
2 .  T o r r ,  M. R . ;  Hays, P. B.;  Kennedy, B. C . ;  and Walker, J. C .  G. :  I n t e r c a l i b r a -  
t i o n  of Airglow Observat ions wi th  t h e  Atmosphere Explorer  S a t e l l i t e s .  
P l a n e t  Space S c i . ,  vo l .  25, 1977, p. 173. 
3. Yee, J. H. ;  and Abreu, V. J.: Op t i ca l  Contamination on t h e  Atmosphere Explorer-E 
S a t e l l i t e .  SPIE Proceedings,  vo l .  338, 1982, p. 74. 
4. Yee, J. H. ;  and Abreu, V.  J.: V i s i b l e  Glow Induced by Spacecraft-Environment 
I n t e r a c t i o n .  Gecphys. R e s .  L e t . ,  vel. 10, 1983, p. 126.  
5 .  Banks, P. M . ;  Will iamson, P. R . ;  and R a i t t ,  W. J .:  Space S h u t t l e  Glow Observa- 
t i o n s .  Geophys. R e s .  L e t . ,  vo l .  10,  1983, p .  118. 
6 .  Mende, S. B . ;  Ga r r io t  , 0 .  K. ; and Banks , P. M. : Observat ions of O p t i c a l  Emis- 
s i o n s  on STS-4. Geophys. Res. L e t . ,  vo l .  10, 1983, p. 122. 
7 .  T o r r ,  M. R . :  O p t i c a l  Emissions Induced by Spacecraft-Atmosphere I n t e r a c t i o n s .  
Geophys. Res. L e t . ,  vo l .  10, 1983, p .  1 1 4 .  
8. S l ange r ,  T .  G . :  Conjectures  on the  Or ig in  of t h e  Surface  Glow of Space Vehic les .  
Geophys. R e s .  L e t . ,  v o l .  10, 1983, p .  130. 
9. Langhoff,  S. R . ;  J a f f e ,  R. L . ;  Yee, J.  H. ;  and Dalgarno, A.: The Surface  Glow 
of t h e  Atmospheric Explorer  C and E Sa te l l i t es .  Geophys. R e s .  L e t . ,  submit ted 
1983. 
10. Sc ia ldone ,  J. J.: Assessment of S h u t t l e  Payloads Gaseous Environment Contamina- 
t i o n  and i t s  Control .  Proceedings of  ESA Symposium on Spacec ra f t  Materials, 
ESASP-145, p. 101. 
11. Bareiss, L.  E . ;  Rantanen, R. 0 . ;  and Ress, E. B . :  Payload/Orbi te r  Contamination 
Cont ro l  Requirement Study. Martin Marietta Technica l  Report  MCR 74-93, 1974. 
12. Hollenbach, D. J . :  Phys ica l  Adsorption and t h e  Molecular Hydrogen D e n s i t i e s  of 
I n t e r s t e l l a r  Clouds. CRSR Report no. 338 ( I t h a c a ,  N.Y.:  Cornel1 U n i v e r s i t y ) ,  
1969. 
13. Hunter,  D. A. ;  and Watson, W .  D. :  The T r a n s l a t i o n a l  and R o t a t i o n a l  Energy of 
Hydrogen Molecules a f t e r  Recombination on I n t e r s t e l l a r  Grains .  Ap. J . ,  
v o l .  226, 1978, p .  477. 
14. Watson, W. D . ;  and S a l p e t e r ,  E. E.: Molecular  Formation on I n t e r s t e l l a r  Grains .  
As t rophys ica l  J . ,  vo l .  174, 1972, p. 321. 
15. Burke, J .  R . ;  and Hollenbach, D. J.:  The Gas-Grain I n t e r a c t i o n  i n  t h e  I n t e r -  
s t e l l a r  Medium: Thermal Accommodation and Trapping. As t rophys ica l  J . ,  
v o l .  265, 1983, p. 223. 
19 
16. Prasad,  S.; and Huntress ,  w. T. :  A Model f o r  Gas Phase Chemistry i n  I n t e r s t e l l a r  
Clouds. I. The Basic  Model, L ib ra ry  of Chemical Reac t ions ,  and Chemistry 
among C ,  N ,  and 0 Compounds. As t rophys ica l  J. Suppl . ,  v o l .  43, 1980, p .  1. 
17. Hagen, W . ;  T i e l ens ,  A. G. G.  M . ;  and Greenberg, J. M.: A Laboratory Study of 
t h e  I n f r a r e d  Spec t r a  of I n t e r s t e l l a r  I c e s .  Astron. Astrophys. ,  Supl. S e r . ,  
V O ~ .  51 ,  1983, p .  389. 
18. Brocklehurs t ,  B . ;  and Pimentel ,  J.  C . :  Thermoluminescence of S o l i d  Nitrogen 
a f t e r  Elec t ron  Bombardment a t  4.2 K.  J. Chem. Phys. ,  v o l .  36, 1962, p .  2040. 
19. Legay, F.:  Energy Trans fe r  i n  Low Temperature Matrices, Chemical and Bio- 
chemical Appl ica t ions  of Lasers, v o l .  2 ,  C. B. More, ed. ,  (Academic P r e s s ,  
N . Y . ,  1978), p. 43. 
20. Bondybey, V .  E . ;  and Brus, L. E.: Nonradia t ive  Processes  i n  Small Molecules i n  
Low-Temperature So l ids .  Adv. Chem. Phys. ,  v o l .  41,  1980, p. 269. 
21. Dubost, H . ;  and Charneau, R.:  Laser S t u d i e s  of V i b r a t i o n a l  Energy Trans fe r  and 
Relaxa t ion  of CO Trapped i n  S o l i d  Neon and Argon. Chem. Phys. ,  v o l .  1 2 ,  
1976, p. 407. 
2 2 .  Hollenbach, D .  J . ;  and S a l p e t e r ,  E. E . :  Surface Recombination of Hydrogen 
Molecules.  As t rophys ica l  J . ,  v o l .  163, 1971, p .  155. 
23. Pugh, L. A. ;  and Rao, K .  N . :  I n t e n s i t i e s  from I n f r a r e d  Spec t r a ,  i n  Molec. 
Spectry: 
1976, p. 165. 
Modern Research Vol. 11, K.  N.  Rao, ed . ,  Academic P r z s ,  N . Y .  , 
20 
TABLE 1.- ATMOSPHERIC CONSTITUENTS AT 300 lan 
DURING SOLAR MAXIMUM 
0 
N 2  
H 
NO 
N 
0 2  
I I I 
6 .2x108 4.8~ lo1 4.74 
1.6~10~ 1 . 2 ~ 1 0 ~ ~  9.47 
2.6~10~ 2 . 0 ~ 1 0 ~ ~  8.29 
2.9~10~ 2 . 2 ~ 1 0 ~ ~  .30 
2 .4x104 1 .8x1010 8.88 
6.0~10~ 4 . 6 ~ 1 0 ~ ~  4.14 
Densi ty  , Flux,  1 K i n e t i c  energy,  
e V  Spec ies  I cm-3a 1 cm-2 sec-l 
Flux onto SIRTF , 
m i r r o r ,  cm-2 sec-I Species  Source 
Flux onto  S h u t t l e  
s u r f a c e ,  sec-I 
aShimazaki ( p r i v a t e  communication, 1983). 
0 A 
TABLE 2.- SCATTERED FLUXES ONTO SURFACES 
I I 
1o1O 10l2 
0 2  A 
N2 A,  C ,  0 
NO A 
N A 
H2 CY 0 
H 2 0  C y  0 
c02 c y  0 
H A 
co C 
2.5~10' 2 . 5 ~  10l1 
1 o 1 O  10l2 
io7 10' 
io7 10' 
io9 lo1 
1o1O 10l2 
10' l o l l  
1 O8 101 O 
5 ~ 1 0 ~  5 x  10' 
aA = atmosphere, C = combustion, 0 = ou tgas .  
TABLE 3. - "COLD" REACTIONS 
0 + 0, -+ 0, 
0 + co + CO, 
o + o + 0 2  
0 + NO + NO, 
O + N + N O  
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Species  
H2O 
co2 
N2 
0 3  
NO2 
TABLE 5.- "HOT" REACTIONS 
Mole f r a c t i o n ,  % 
38 
4 
38 
19 
.04 
~~~ ~ 
React ion 
0 + H20 -+ OH + OH 
0 + co, + co + 0, 
0 + NO + N + 0, 
0 + N, -+ NO + N 
0 + 0 ,  + 0, + 0, 
0 + H, + OH + H 
A c t i v a t i o n  energy,  
e V  
0.79 
2.3 
1.7 
3.3 
. 2 1  
.49 
TABLE 6.- INFRARED ADSORPTION CHARACTERISTICS 
OF THE "ICY" LAYER 
Species 
J i b r a t  i o n a l  
f requency , 
cm-I 
3360 
1640 
7 45 
2337 
655 
-- 
b 
1O3Ob 
6 95 
2 900: 
161OC 
749 
1 loob 
V i b r a t i o n a l  
wavelength,  
um 
2.98 
6.10 
13.4 
4.28 
15.3 
--- 
9.09 
9.71 
3.45 
6.21 
14.4 
13.4 
I n t e g r a t e d  a s t r eng t h , 
cm molecule-'  
2.0 (-16) 
7.4 (-17) 
5.0 (-17) 
1.0 (-16) 
7.0 (-18) 
--- 
4.0 (-19) 
1.4 (-17) 
7.4 (-19) 
2.5 (-19) 
6.1 (-17) 
'Strength from gas phase d a t a  ( r e f .  2 3 ) ,  except  
%e ma t r ix .  
e H2 ma t r ix .  
f o r  H 2 0  which i s  taken from r e f e r e n c e  17. 
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Figure  1.- The o p t i c a l  glow photographed on STS 3 is  s e e n  ex tending  approximately 
5 t o  10 c m  t o  t h e  r i g h t  of t h e  t a i l  and engine cowling. The h o r i z o n t a l  s t r e a k  i s  
t h e  nightglow of t h e  terrestrial  atmosphere. 
2 4  
_____) 
ATMOSPHERE 
R. A. 
COz, CO, H2, FUEL 
(COMBUSTION PRODUCTS) 
t 
-300km ALTITUDE 
Figure  2.-  The environment of t h e  S h u t t l e  and SIRTF i s  schemat i ca l ly  drawn, showing 
chemical f l u x e s  of i n t e r e s t .  The temperature ,  T ,  of  t h e  SIRTF m i r r o r  i s  approxi- 
mately 10 K;  t h e  temperature  Ts of t h e  S h u t t l e  is about  250 K; t h e  S h u t t l e  a l t i -  
tude  i s  approximately 300 km. The atmosphere i s  composed p r imar i ly  of 0 ,  0, , N, , 
H ,  NO,  and N which s t r i k e s  SIRTF and t h e  S h u t t l e  a t  7 . 7  km sec-l. 
i n f r a r e d  emission i n i t i a t e d  by t h e  d i r e c t  impact of  t h e  atmosphere on t h e  S h u t t l e  
(D.I.S.H.),  t h e  d i r e c t  impact of t h e  atmosphere on t h e  i n s i d e  of t h e  SIRTF sunshade 
(D.I .S.S.) ,  and by t h e  r e f l e c t e d  o r  s c a t t e r e d  f l u x  of a tmospheric  (R.A.) o r  con- 
taminant  (R.C.) molecules onto t h e  SIRTF m i r r o r  and sunshade. Contaminants i nc lude  
t h e  ou tgas  products  H,O, 0,, CO,, and N, as w e l l  as combustion products  H,O, N , ,  
GO, , COY H, , and unburnt f u e l .  
We exp lo re  
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Figure  3 . -  Schematic drawings of f l u x  F of atmospheric gases  i n c i d e n t  upon S h u t t l e  
s u r f a c e s ,  represented schematical ly  as a sphe re  of r a d i u s  ro. I n  ( a )  t h e  b a s i c  
geometry i s  sketched w i t h  r t h e  d i s t a n c e  from t h e  c e n t e r  of t h e  sphere.  This  
c o n f i g u r a t i o n  may r e a d i l y  apply t o  t h e  glow seen by SIRTF from t h e  s c a t t e r e d  f l u x  
i n c i d e n t  upon the mi r ro r  i t s e l f .  I n  (b)  a geometry is  sketched i n  which t h e  impact 
f l u x  occurs  a t  a d i s t a n c e  rd from t h e  SIRTF l ine -o f - s igh t .  The parameter xk is  
the  pa th l eng th  of exc i t ed  molecules.  
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Figure 4.- The worst case configuration for SIRTF observing the infrared glow asso- 
ciated with the observed optical glow is schematically shown. The atmospheric flux 
F impacts a minimum distance of about 6 m from the SIRTF line-of-sight. This 
configuration can be modeled with figure 3b, using rd - 6 m and ro - 3 m. 
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Figure 5.- The emission from OH molecules equa l ly  d i s t r i b u t e d  i n  t h e  v i b r a t i o n a l  
l e v e l s  of t h e  ground e l e c t r o n i c  s ta te ,  w i t h  r o t a t i o n a l  temperature  
i s  shown ( r e f .  9 ) .  The assumed s p e c t r a l  r e s o l u t i o n  i s  0.1 um. 
TR = 300 K 
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Figure 6 . -  The z o d i a c a l  l i g h t  i n t e n s i t y ,  assuming o b s e r v a t i o n  90" from sun on t h e  
e c l i p t i c ,  i s  crudely p l o t t e d  w i t h  the dashed l i n e  as a f u n c t i o n  of wavelength. 
(The i n t e n s i t y  drops by a f a c t o r  of -3  f o r  obse rva t ions  pe rpend icu la r  t o  t h e  e c l i p -  
t i c . )  
marked "IR glow," c a l c u l a t e d  us ing  the assumptions o u t l i n e d  i n  t h e  text. The pre- 
c i s e  shape of t he  spectrum, sketched h e r e  assuming t h e  OH spectrum from f i g u r e  5 ,  
i s  q u i t e  u n c e r t a i n  s i n c e  OH may not be  r e s p o n s i b l e  f o r  t h e  S h u t t l e  glow ( s e e  t e x t ) .  
The expected I R  glow i n t e n s i t y  is schemat i ca l ly  shown w i t h  t h e  s o l i d  l i n e  
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